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Les propriétés de barrière des polymères peuvent être altérées de manière significative par 
l’inclusion de nanoargiles lamellaires imperméables. L’amélioration de ces propriétés est 
gouvernée par l’étendue de dispersion des lamelles ainsi que par leur orientation dans la 
matrice polymère. La présente thèse consiste à développer des matériaux nanocomposites à 
base de caoutchouc nitrile, chargés de nanoargiles lamellaires, ayant des propriétés barrières 
optimisées. La démarche suivie est scindée en trois étapes. 
 
Dans un premier temps, la synthèse des nanocomposites a été réalisée en utilisant trois 
protocoles différents rencontrés dans la littérature; extrusion, mixage et voie chimique. La 
résistance aux solvants a été évaluée par une technique gravimétrique de prise de masse et les 
résultats obtenus montrent un effet évident des paramètres de fabrication. Des analyses 
effectuées par deux techniques de diffraction des rayons X en combinaison avec des 
observations microscopiques ont permis de conclure que les améliorations résultent de 
l’éloignement des lamelles nanoargiles. 
 
Suite à ces considérations, l’effort s’est concentré sur l’optimisation de la délamination des 
plaquettes nanoargiles empilées tout en assurant leur orientation selon les directions latérales. 
La méthode adoptée consiste à appliquer des modifications chimiques sur la structure de la 
matrice caoutchouteuse ainsi que sur la surface des lamelles nanoargiles afin d’améliorer 
l’affinité entre les deux. D’une part, un monomère d’anhydride maléique doté d’une polarité 
élevée est greffé sur la chaîne macromoléculaire du caoutchouc nitrile et d’autre part, des 
nanoargiles avec des fonctionnalisations organiques ont été utilisées. La mise en forme par 
extrusion est retenue pour maintenir l’orientation. Des analyses spectroscopiques ont validé 
le greffage du monomère et des tests de thermogravimétrie ont confirmé la stabilité des 
surfactants organiques sur les nanoargiles durant la fabrication. Les analyses effectuées sur 
l’étendue de la délamination des empilements nanoargiles ont montré une augmentation 
substantielle de la présence des lamelles individuelles. En outre, l’intercalation est plus 
prononcée. Les résultats rendent compte d’une excellente corrélation entre les analyses en 
diffractométrie et les observations microscopiques. De plus, une étude statistique menée à 
travers une analyse dispersive en énergie a montré l’effet de la modification chimique sur la 
bonification de l’homogénéité des nanoargiles dans la matrice. De surcroît, l’orientation est 
évaluée par une approche tridimensionnelle appliquée sur des stéréographies de diffraction. 
Les résultats montrent un alignement privilégié selon la direction de l’extrusion. 
 
La synthèse d’un nanocomposite doté d’une morphologie optimisée ayant abouti, les 
propriétés barrières aux solvants sont testées. Le transport moléculaire se manifeste lors du 
processus de pénétration du liquide et il est étudié en se basant sur les lois de Fick. 
L’absorption du solvant dans le nanocomposite greffé est nettement plus faible 
VIII 
comparativement au nanocomposite conventionnel. Les paramètres de la cinétique de 
migration des molécules pénétrantes ont aussi été évalués. Le nanocomposite greffé présente 
une réduction notable de la diffusivité du solvant à travers sa structure, ainsi qu’une 
diminution de son coefficient de perméation. Sauf quelques exceptions, ces observations sont 
validées pour trois solvants différents et à quatre températures allant de 23 à 70 °C. Il a été 
montré que tous les paramètres relatifs au transfert de masse sont augmentés sous l’effet de 
l’accroissement de la température. L’effet inverse est observé avec l’augmentation de la taille 
de la molécule pénétrante. 
 
Mots clés : nanoargile lamellaire, caoutchouc nitrile, nanocomposite, transfert de masse, 
propriétés barrières, lois de Fick 
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The barrier properties of the polymers can be significantly altered by the inclusion of 
impermeable lamellar nanoclays. The improvement of these properties is governed by the 
extent of the lamellar dispersion as well as by their orientation in the polymeric matrix. The 
present thesis consists in developing nanocomposite materials based on nitrile rubber, loaded 
with lamellar nanoclays, to optimize barrier properties. The adopted approach is divided into 
three stages. 
 
In a first step, the synthesis of nanocomposites was achieved using three different protocols 
found in the literature. The resistance against solvents was evaluated by a gravimetric 
technique based on mass uptake experiments and the obtained results showed an obvious 
effect of processing parameters. Analyses carried out by two X-ray diffraction techniques 
combined with microscopic observations led to the conclusion that obtained improvements 
result from the intercalation of the lamellar nanoclays. 
 
Given these considerations, the effort was focused on optimizing the delamination of the 
nanoclay platelets while ensuring their orientation along lateral directions of the membrane. 
The adopted method consisted in applying chemical modifications on the structure of the 
rubbery matrix as well as on the surface of the nanoclay lamellae in order to improve the 
affinity between the two. On the one hand, a maleic anhydride monomer having a high 
polarity was grafted onto the macromolecular chain of nitrile rubber and, on the other hand, 
nanoclays with organic functionalizations have been used. As a processing method, extrusion 
was retained to ensure a maximum of orientation. Spectroscopic analyzes validated the 
maleic anhydride grafting and thermogravimetric tests confirmed the stability of the organic 
surfactants on the nanoclays during processing. Microscopic analyses have shown a 
substantial increase in the presence of individual lamellae which confirms the delamination 
of nanoclay stacks. In addition, intercalation state seemed to be more pronounced. The results 
reflected an excellent correlation between the diffraction analysis and the microscopic 
observation. Furthermore, a statistical study conducted through a dispersive energy analysis 
showed the chemical modification effect on the improvement of the nanoclays homogeneity 
in the matrix. Besides, the orientation was evaluated by a three-dimensional approach applied 
to small angle diffraction stereograms. The results revealed a privileged alignment according 
to the direction of the extrusion. 
 
After achieving the synthesis of a nanocomposite with an optimized morphology, the barrier 
properties of solvents were tested. Molecular transport occurring during the liquid 
penetration process was studied based on Fick's laws. The absorption of the solvent in the 
grafted nanocomposite was significantly lower compared to a conventional nanocomposite. 
The kinetic parameters of mass transfer were also evaluated. The grafted nanocomposite 
X 
exhibited a significant reduction in the diffusivity of the solvent through its structure, as well 
as a decrease in its permeation coefficient. With some exceptions, these observations were 
validated for three different solvents and at four temperatures ranging from 23 to 70 °C. It 
has been shown that all mass transfer parameters were exacerbated by the increase in 
temperature. However, an opposite effect was observed with increasing the molecular size of 
the penetrant. 
 
Keywords: lamellar silicates, clay nano-platelets, nitrile rubber, nanocomposite, mass 
transfer, barrier properties, Fick’s laws 
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ACS Grade de pureté conforme aux standards de l’American Chemical Society 
AgNP-X Nanoparticules d’argent (X fait référence à la taille des nanoparticules) 
AgNP-X/f Filtrat de la solution colloïdale des nanoparticules d’argent 
ASTM Organisme de normalisation concernant les matériaux 
ATR Réflectance totale atténuée 
AuNP-X Nanoparticules d’or (X fait référence à la taille des nanoparticules) 
AuNP-X/f Filtrat de la solution colloïdale des nanoparticules d’or 
BPO Peroxyde de benzoyle 
CEC Capacité d’échange cationique 
DLS Analyse par diffusion dynamique de la lumière 
DTG Thermogravimétrie différentielle 
EDX Spectroscopie à rayon X à dispersion d’énergie 
ENP Nanoparticules synthétiques 
EPDM Éthylène-propylène-diène monomère 
FEI Field Electron and Ion Company 
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IR Infrarouge 
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MilliQ Grade d’eau ultra-pure de type I 
MMT Nanoparticules d’argile de nature montmorillonite 
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NBR Caoutchouc poly acrylonitrile butadiène (ou élastomère nitrile) 
NBR-g-MA Caoutchouc nitrile greffé par de l’anhydride maléique 
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XXII 
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PVP Polyvinylpyrrolidone (polymère hydrophile) 
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RCNg Nanocomposite argile à base de caoutchouc – greffé 
RCNq Nanocomposite argile à base de caoutchouc – trempé 
rpm Rotation par minute 
SAXS Diffusion des rayons X aux petits angles 
SEM Microscopie électronique à balayage 
SiO44- Anion tétraèdrique de silicate ou nésosilicate 
TEM Microscopie électronique en transmission 
TGA Analyse thermogravimétrique 
TOC Teneur en carbone organique total 
UHR-SEM Microscopie électronique à balayage à ultra-haute résolution 
XRD Diffractométrie de rayons X 
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D0 Facteur pré-exponentiel de diffusion 
Da Coefficient de diffusion de la zone amorphe d’un polymère 
Dlong Coefficient de diffusion à longs termes 
Dshort Coefficient de diffusion à courts termes  
ED Énergie d’activation de diffusion 
fi Facteur d’orientation des lamelles silicates 
h Épaisseur d’un échantillon de test d’immersion 
I Intensité de la diffraction des rayons X 
Ieq Intensité de la diffraction équatoriale des rayons X 
J flux de matière 
k Constante caractéristique de l’élastomère en termes de diffusion 
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XXIV 
P Coefficient de perméabilité 
R Constante des gaz parfaits 
Rdiff Taux de diffusion de la substance pénétrante 
Rrelax Taux de relaxation des chaines macromoléculaires de l’élastomère 
S Coefficient de solubilité à l’équilibre 
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τ Facteur d’impédance géométrique 
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0.1 Contexte de l’étude et problématique 
Les propriétés barrières d’un matériau correspondent à sa capacité à limiter le passage de 
substances à travers sa structure. Un matériau doté de propriétés barrières élevées sert ainsi à 
séparer deux milieux de concentrations différentes. La maitrise de cette propriété est 
fondamentale pour des applications assez variées comme en aérospatiale, en pharmaceutique, 
en filtration, et notamment en industrie d’emballage et d’isolation de produits conditionnés 
(McKeen, 2016). Pendant de nombreuses années, utiliser les métaux, le verre et le papier 
laminé étaient les méthodes de séparation les plus répandues pour sceller et isoler un 
contenu. Cependant, ces matériaux soulèvent plusieurs problèmes de durabilité, d’efficacité, 
de poids et de coût (Raheem, 2013). 
 
Depuis près de deux décennies, l’intérêt s’est orienté vers les polymères pour remplacer les 
matériaux d’emballage conventionnels en raison de leur fonctionnalité, de leur légèreté, de 
leur facilité de mise en forme et de leur bonne qualité esthétique (Cui et al., 2015). En effet, 
le marché mondial des polymères est passé d’environ 5 millions de tonnes dans les années 50 
à près de 100 millions de tonnes à nos jours. Plus de 40% des plastiques sont utilisés pour 
l'emballage et pour l’isolation. Près de la moitié d'entre eux est utilisée sous forme de films, 
de membranes et de feuilles (Rhim, Park et Ha, 2013; Silvestre, Duraccio et Cimmino, 2011). 
Malgré leur grande polyvalence, la perméabilité inhérente des matériaux polymériques est 
une propriété limitante. En effet, la présence de volumes libres dans leur structure constitue 
une voie de passage qui facilite la diffusion des molécules pénétrantes. Des techniques ont 
été développées afin d’améliorer leur propriétés barrières. Parmi les différentes approches, on 
trouve le traitement de la surface polymérique par un dépôt imperméable, le mélange des 
polymères par ajout d’une phase résistante à la pénétration ainsi que la mise en forme en 
multicouches (Dini, 2013). 
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Plus récemment, les nanocomposites polymère à base de nanoparticules lamellaires ont attiré 
l'attention en raison de leurs caractéristiques exceptionnelles. L’étendue de leur surface 
spécifique contribue à l’amélioration des propriétés du polymère de la matrice même à de 
faibles concentrations (Valapa et al., 2017). En particulier, l’incorporation de nanoargiles 
dans la structure polymérique s’est montrée comme l’un des moyens les plus prometteurs 
d’améliorer les propriétés barrières. Cela est dû au fait que l’ajout de particules lamellaires 
imperméables rend le trajet du pénétrant plus long et tortueux dans la matrice (Cui et al., 
2015; Tan et Thomas, 2016). Il est communément admis que la présence des nanoargiles 
entraîne une amélioration systématique des propriétés barrières. Cependant, leur efficacité est 
principalement déterminée par l’étendue de leur dispersion et le degré de leur orientation 
dans la matrice. Hormis cela, les facteurs affectant l'amélioration de ces propriétés dans les 
matrices polaires (hydrophiles) sont différents lors de l’impaction de polymères non polaires, 
indiquant ainsi que la performance doit être quantifiée au cas par cas  
(Hsieh, Cheng et Wu, 2017). 
 
Le caoutchouc nitrile (NBR) fait partie des matériaux polymériques utilisés comme matrice 
des nanocomposites renforcés par des nanoargiles afin de consolider ses propriétés barrières. 
C’est un des élastomères synthétiques les plus employés et sa consommation mondiale 
atteindra plus de 1,5 millions de tonnes en 2023 (The Global Nitrile Butadiene Rubber 
Market, 2018). Le NBR possède une forte résistance aux solvants hydrocarbonés aliphatiques 
(solvants à chaines carbonées linéaires), aux carburants ordinaires et aux huiles. Cependant, 
sa résistance est relativement faible aux solvants organiques à caractère polaire (Massey, 
2003). Dans le but de réduire la perméabilité à ces substances, plusieurs travaux de recherche 
se sont consacrés pour concevoir un nanocomposite dont les lamelles nanoargiles atteignent 
un état exfolié dans la matrice nitrile, pour lequel les lamelles sont totalement séparées. 
Cependant, il a été montré qu’il est difficile d'obtenir une dispersion uniforme de ces lamelles 
en raison de leur tendance à s’agglomérer dans la matrice. Lorsque les chaines élastomères 
ne sont pas capables de s'intercaler entre les plaquettes nanoargiles, un composite à phases 
séparées est obtenu, dont les propriétés restent du même ordre que les  
microcomposites traditionnels. 
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À la limite de mes connaissances, il y a assez peu d’études menées sur la relation structure-
propriété de ces nanocomposites caoutchouteux. En outre, des articles antérieurs sur cette 
problématique indiquaient la nécessité d’études plus exhaustives pour comprendre le 
mécanisme de renforcement de ces systèmes (Aabitha, Rane et Rajkumar, 2015; Thomas, 
George et Thomas, 2017). 
 
0.2 Les objectifs 
Suite aux observations précédentes, l’objectif principal de la thèse consiste à optimiser un 
matériau nanocomposite à base caoutchouc nitrile chargé de nanoargiles et présentant des 
propriétés barrières optimisées face à des solvants organiques. En d’autres termes, le but du 
projet est d’améliorer la dispersion des nanoargiles dans la matrice élastomère et atteindre un 
maximum d’exfoliation de leurs lamelles tout en maintenant une orientation perpendiculaire 
au sens de pénétration du diffusant. 
 
Afin d’atteindre cet objectif, trois objectifs spécifiques sont fixés : 
1. Mettre en place un protocole expérimental qui permettra de réussir la synthèse d’un 
nanocomposite nitrile/nanoargiles. Différentes techniques reportées dans la 
littérature seront testées. La morphologie de chaque nanocomposite ainsi que leur 
résistance aux solvants organiques vont être examinées; 
2. Optimiser la dispersion, l’exfoliation et l’orientation des nanoargiles dans la 
structure de la matrice en élaborant des méthodes permettant d’améliorer l’affinité 
chimique entre les chaines macromoléculaires de la matrice et la surface des  
lamelles nanoargiles; 
3. Évaluer les propriétés barrières du nanocomposite optimisé et assurer une 
compréhension des modes de transport de la substance pénétrante à travers la 
membrane nanocomposite. En outre, sera examinée l’influence de l’optimisation 
morphologique du matériau sur les paramètres de la cinétique du  
transport moléculaire. 
4 
Après chaque synthèse de matériau, les paramètres de la mise en forme seront enregistrés, la 
morphologie de la structure et la configuration des nanoargiles seront inspectées et les 
propriétés barrières seront évaluées. Compte tenu des résultats obtenus, les paramètres de 
synthèse seront optimisés et le cycle sera repris. 
 
0.3 Organisation de la thèse 
La thèse débute par une revue de la littérature présentée dans le chapitre 1. Ce chapitre 
commence par introduire des notions de base sur les théories de transfert de masse dans la 
matière. Il discute ensuite les mécanismes de transport moléculaire dans les systèmes 
polymériques, puis spécifiquement dans les membranes nanocomposites. Le chapitre 
s’achève par un aperçu sur l’état de l’art actuel concernant les travaux sur les propriétés 
barrières des nanocomposites à base d’argiles et les difficultés rencontrées. 
 
L’objectif principal et les objectifs secondaires de la thèse sont atteints à travers trois  
articles de revues. 
 
Le premier article intitulé « Influence of processing parameters on barrier properties of 
nitrile/nanoclay nanocomposite membrane against organic solvent » constitue l’objet du 
chapitre 2. Cette section débute par la mise en place des techniques expérimentales qui 
permettent la synthèse des nanocomposites. La morphologie des matériaux obtenus est 
ensuite examinée par diffraction des rayons X et par microscopie afin de valider les résultats 
de l’intercalation. Puis, une analyse par diffusion des rayons X aux petits angles (SAXS) est 
utilisée pour sonder l’étendue de l’orientation des plaquettes nanoargiles dans la matrice. 
L’étude morphologique est corrélée avec les résultats associés aux propriétés barrières des 
échantillons. L’article en question est publié dans « Journal of Polymer Research »  
(février 2019). 
 
En se basant sur les résultats obtenus dans la section précédente, le chapitre 3 est dédié au 
développement des nanocomposites avec une morphologie avancée à l’aide du greffage par 
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anhydride maléique ainsi qu’à travers le traitement organique des nanoargiles. Une analyse 
morphologique plus approfondie est menée pour sonder la structure en combinant des 
observations microscopiques et des analyses de diffractométrie des rayons X. Les résultats 
associés à cette partie ont été soumis pour publication dans « European Polymer Journal » en 
mars 2019 sous la forme d’un deuxième article de revue ayant pour titre « Morphological 
investigation of maleic anhydride-grafted nitrile rubber/nanoclay nanocomposites ». 
 
Le chapitre 4 est alloué à l’évaluation des propriétés barrières des nanocomposites optimisés, 
obtenus dans le chapitre précédent. L’effet des paramètres comme la température et la taille 
des molécules pénétrantes est également évalué. Les résultats menés dans cette section sont 
présentés dans un troisième article de revue intitulé « Molecular sorption and diffusion of 
organic solvents through maleated rubber/layered silicate nanocomposites ». Le papier a été 
soumis pour publication dans « Journal of Polymer Testing » en mars 2019. 
 
La méthodologie adoptée pour étudier les propriétés barrières des membranes synthétisées 
est détaillée dans une publication jointe en annexe I. Dans certaines sections de ce rapport, il 
est fait référence à cette publication pour  informations complémentaires sur la modélisation 
analytique du phénomène de transport obéissant aux lois de la diffusion (lois de Fick) et les 
solutions associées. Il s’agit d’un article de revue intitulé « Sorption and diffusion of gold and 
silver nanoparticles in solution through nitrile rubber membrane » et publié dans « Journal 
of Applied Polymer Science » en date du 23 juin 2017. 
 
Suite à la présentation des conclusions de l’étude, une section à la fin du rapport sera 
réservée pour proposer des recommandations, aussi bien pour l’amélioration des techniques 
d’évaluation des propriétés barrières que pour l’approfondissement de l’étude morphologique 
des nanocomposites argileux obtenus. De plus, les limites de ce travail seront présentées, 




 CHAPITRE 1 
 
 
REVUE DE LA LITTÉRATURE 
 
Ce chapitre débute par un rappel du principe de transport de la matière à travers différents 
milieux. La seconde section s’intéresse au transfert de masse à travers les systèmes 
polymériques. La troisième section se concentre sur les élastomères nanocomposites et leurs 
propriétés barrières. Cette partie traite particulièrement la résistance aux solvants des 
nanocomposites à base de nanoparticules d’argile. La revue s’achève par une synthèse 
critique de l’ensemble des travaux présentés préalablement. 
 
1.1 Théorie du transport de matière à travers une membrane 
Une membrane est une mince paroi de matériau plus ou moins poreuse qu'on interpose entre 
deux milieux et qui permet d'éliminer ou de concentrer certains constituants par différents 
processus. Le principe de séparation par membrane trouve des applications industrielles 
importantes dont les impacts techniques et commerciaux sont considérables. Durant ces deux 
dernières décennies, des efforts colossaux étaient déployés par des ingénieurs, physiciens et 
chimistes pour améliorer leur rendement, étendre leurs champs d’application et diversifier 
leurs utilisations. La nature chimique ainsi que les propriétés d’une membrane diffèrent 
grandement selon les phases des milieux à séparer (gazeuse, liquide), la taille des particules à 
filtrer, la dynamique de la substance pénétrante, etc. Le mécanisme de séparation peut être 
catégorisé en deux grandes familles en fonction de la nature physique de la membrane, 
poreuse ou non poreuse. Pour chaque cas, des travaux de recherche se sont intéressés à 




1.1.1 Phénomène de transport substantiel à travers une membrane non poreuse 
1.1.1.1 Principe de transport par diffusion 
Un grand intérêt a été apporté à l’étude de la pénétration des molécules de petite taille à 
travers les membranes polymères. En effet, ce concept est essentiel pour des applications qui 
touchent au quotidien, à savoir l’emballage alimentaire, le stockage de boissons (Singh, Wani 
et Langowski, 2017) et la filtration (Purkait et Singh, 2018). Cet impact industriel important 
du phénomène de passage des liquides et des gaz a poussé les scientifiques à approfondir 
leurs recherches sur les lois fondamentales qui gouvernent ces processus. Les principes 
fondamentaux étaient fondés par des chercheurs comme Park, Crank et Barrer (Barrer, 1951; 
Crank, 1979; Park et Crank, 1968). Depuis, des efforts ont été déployés pour raffiner les 
méthodes expérimentales et les procédés empiriques capables de quantifier les grandeurs 
associées aux phénomènes de transfert de masse. 
 
Une approche atomistique stipule que le transport de molécules de faible taille à travers la 
structure d’une membrane résulte d’un mouvement aléatoire de ces molécules, au sein de la 
structure, généré par une énergie thermique, c’est le mouvement brownien. D’un point de vue 
phénoménologique, la différence de concentration entre les deux phases, pénétrante et 
pénétrée, constitue la force motrice de ce transport qui a tendance à équilibrer cette grandeur 
et à annuler ce potentiel. Ce mouvement suit le gradient qui va des fortes concentrations vers 
les faibles concentrations. 
 
1.1.1.2 Lois de Fick 
La première loi de Fick met en évidence le fait que le flux allant des zones des hautes 
concentrations vers les zones de plus basses concentrations a une amplitude qui est 
proportionnelle au gradient de ces concentrations. Cette proportionnalité correspond au 
coefficient de diffusion relatif au système. Mathématiquement parlant, cette première loi est 
énoncée comme suit : 
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 ܬ = −ܦ ∙ ݀ܿ݀ݔ (1.1) 
 
Avec dc/dx est le gradient de concentration selon la direction de diffusion et D est le 
coefficient de diffusion qui est indépendant de l’unité de la substance en diffusion (cm²/s). Ce 
coefficient dépend de la température, de la viscosité du fluide ainsi que de la taille des 
particules selon la relation de Stokes-Einstein (Philipse, 2018). Cette loi s’applique 
uniquement dans un état d’équilibre, un état où la concentration du diffusant ne varie pas en 
fonction du temps et le coefficient de diffusion ne dépend pas de la concentration (Roque-
Malherbe, 2018). Cependant, il est à noter que durant le processus de diffusion, la 
concentration de la substance pénétrante ne reste pas la même en un point donné du milieu de 
diffusion. En effet, cette substance s’accumule dans certaines parties du système (Roque-








Cette relation correspond au cas idéal où le coefficient de diffusion en lui-même ne dépend ni 
de la concentration du pénétrant, ni du temps, ni de la distance x (on considère un système 
monodimensionnel dont la diffusion s’effectue selon une seule direction). 
 
Dans un milieu non homogène, la pénétration d’un liquide à travers une structure résulte de 
l’interaction entre le phénomène de diffusion et le processus de prise de masse dans la 
structure pénétrée. Réciproquement, cette prise de masse est elle-même engendrée par le 
phénomène de pénétration. En d’autres termes, plus il y a de la pénétration, plus se manifeste 
la prise de masse. Il apparait en conséquence un relâchement de la matrice du milieu de 
pénétration qui favorise davantage la pénétration (Rudin et Choi, 2012). Ainsi, le coefficient 
de diffusion D dépend largement de la concentration de la substance pénétrante et varie d’un 










1.1.1.3 Cinétique de transport de la matière 
Coefficient de diffusion : 
 
Comme préalablement défini, le coefficient de diffusion correspond au facteur de 
proportionnalité dans la première loi de Fick. Plusieurs modèles mathématiques sont 
développés pour décrire le processus de diffusion à travers un système. Le modèle le plus 
basique suppose une évolution linéaire de la concentration du pénétrant qui est invariante en 
fonction du temps. Ainsi, l’équation associée se donne par : 
 
 ܦ ∙ ݀
ଶܿ
݀ݔଶ = 0 (1.4) 
 
En tenant compte des conditions aux limites qui s’appliquent sur les concentrations aux bords 
d’un échantillon d’une membrane (pour ݔ = 0, ܿ = ܿଵ et pour ݔ = ℎ, ܿ = ܿଶ), une double 
intégration de cette équation (1.4) nous fournit le profil de l’évolution spatiale de la 
concentration du diffusant au cœur du milieu de diffusion entre ses deux faces externes : 
 
 ܿ = ܿଵ +
(ܿଶ + ܿଵ)
ℎ ∙ ݔ  (1.5) 
 
Il s’agit d’une évolution linéaire invariante en fonction du temps. Cette évolution peut être 




Figure 1-1. Variation de la concentration d'un 
diffusant à l'intérieur d'une membrane à l'état 
d'équilibre 
 
Pour une compréhension plus approfondie du mécanisme de la diffusion et pour une 
évaluation plus précise du coefficient associé, la variation de la concentration du pénétrant en 
fonction du temps le long du processus ne peut pas être omise. Compte tenu de 
l’accumulation en fonction du temps du diffusant, la seconde loi de Fick est considérée pour 
la modélisation de la diffusion. Cependant, et pour plusieurs systèmes diffusants/membranes, 
une simplification sur le coefficient de diffusion peut être admise. Avec cette hypothèse, ce 
coefficient est estimé comme une constante intrinsèque du système de diffusion, une 
constante qui ne dépend ni de la concentration du diffusant, ni du temps, ni de l’abscisse du 
point d’analyse. Le profil de concentration peut être obtenu en résolvant l'équation aux 
dérivées partielles de la seconde loi tout en tenant compte des conditions limites et initiales 
nécessaires. Une solution de la seconde loi de Fick permet le calcul du coefficient de 
diffusion. Il est à noter, néanmoins, que la concentration du pénétrant à l’intérieur de la 
structure ainsi que son évolution en fonction du temps sont des paramètres qui sont délicats à 
évaluer expérimentalement. Des paramètres comme la masse de la substance ayant pénétrée 
ainsi que son évolution au cours du temps sont beaucoup plus accessibles. Une solution de 
l’équation de la seconde loi de Fick en termes de prise de masse sous la forme d’une série 
x1 x2 
12 
trigonométrique a été proposée par Crank et Parker dans leurs travaux sur les mathématiques 








∙ ൥ 1ߨଵ ଶ⁄ + 2 ∙෍(−1)





Où ierfc et une fonction d'erreur complémentaire intégrée de Gauss. Ainsi, en disposant des 
données expérimentales de prises de masse en fonction du temps, le coefficient de diffusion 
peut être déduit. Plus de détails sur le calcul du coefficient de diffusion à partir de la solution 
de la seconde loi de Fick seront présentés dans les prochains chapitres. 
 
Perméabilité et solubilité : 
 
Le phénomène de la diffusion fait partie d’un processus de transport plus général qui 
correspond au phénomène perméation. Les molécules de la substance pénétrante sont 
transportées d’une surface de la membrane vers la surface opposée via une combinaison de 
mécanismes. En premier lieu, les molécules de la substance pénétrante obéissent à un 
phénomène d’adsorption par lequel elles traversent l’interface membrane/liquide. Ensuite, les 
éléments sont conduits à l’intérieur de la structure sous l’effet d’un gradient de potentiel 
chimique. Enfin, le mécanisme de désorption permet à la substance de franchir la surface de 
sortie et émerger de la structure. 
 
Pour que le mécanisme de diffusion ait lieu, les éléments de la substance pénétrante doivent 
d’abord s’infiltrer dans le matériau et franchir la surface d’exposition de la membrane. Ce 
mécanisme est un processus thermodynamique qui se traduit par la solubilité du système de 
pénétration. Elle consiste à l’affinité d’un solvant pour un matériau polymère. En effet, la 
solubilité du système est reliée à l’énergie d’interaction entre le polymère et le solvant. Elle 
est d’autant plus grande que l’énergie est élevée (Perron, Desnoyers et Lara, 2002b). 
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1.1.1.4 Techniques d’évaluation des paramètres de transport 
Il existe plusieurs méthodes de mesure et de nombreuses techniques normalisées pour évaluer 
et quantifier le transport de masse dans un réseau polymérique. Le choix de la procédure à 
adopter dépend de certains facteurs à savoir l’état physique de la substance pénétrante ainsi 
que la morphologie et les dimensions de la membrane pénétrée. Ces techniques peuvent être 
scindées en deux catégories. La première se base sur la détermination des paramètres de la 
cinétique de transport à travers l’évaluation du taux de perméation du pénétrant d’une surface 
à l’autre de la membrane. La deuxième se base sur la détection, au fil du temps, de la 
concentration du pénétrant en tout point de la membrane durant le processus de transport 
(Duncan, Urquhart et Roberts, 2005; Follain et al., 2010). 
 
Les méthodes de perméation s’articulent sur le principe suivant : la première phase consiste à 
exposer la membrane en question à une concentration donnée de la substance pénétrante. La 
surface alimentée est généralement confinée dans une cellule fermée pour assurer une 
concentration et une pression de vapeur constantes. La deuxième phase consiste à sonder la 
surface opposée de la membrane et évaluer la perméabilité de la substance ayant  
traversé la structure. 
 
Les techniques utilisées diffèrent par la méthode adoptée pour sonder l’accumulation du 
pénétrant à la surface de sortie. La détection de la substance pénétrante peut être directe à 
travers une analyse chimique. Karimi a présenté une étude de diffusion d’une substance 
liquide menée sur des membranes en polyméthacrylate de méthyle et pour lesquelles le 
diffusant est détecté par spectroscopie infrarouge en mode de réflectance totale atténuée 
(Karimi, 2011). Cette méthode était également utilisée par Kwan pour évaluer le taux de 
perméabilité de deux séries de n-alcanes (C6-C17) et esters (C5-C17) à travers des 
membranes adhésives thermodurcissables (Kwan Jr, 1998). 
 
La détection peut également être effectuée par technique gravimétrique. La quantité de la 
substance est mesurée indirectement. En effet, dès que le diffusant est mis en contact avec la 
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membrane, il commence à diffuser à travers. Par évaporation instantanée de tout le diffusant 
qui apparait sur la seconde face de la membrane, on obtient une variation de masse du 
pénétrant par rapport à l’état initial. Cette perte correspond à la quantité ayant traversé la 
membrane. Cette évaluation permet de remonter aux coefficients de diffusion et de 
perméabilité du système. La manipulation s’effectue moyennant une cellule gravimétrique 
conforme à la norme ASTM F1407 (Standard Test Method for Resistance of Chemical 
Protective Clothing Materials to Liquid Permeation-Permeation Cup Method, 2017). Des 
auteurs comme Ibrahim et al. ont adopté cette technique pour évaluer les paramètres de 
transfert de masse de certains solvants organiques à travers des membranes 
carboxyméthylcellulose mélangées à l’alcool polyvinylique (Ibrahim et al., 2013). 
 
D’autre part, la deuxième famille de techniques d’évaluation des paramètres de diffusion 
dans un système se base sur la mesure des changements des propriétés du matériau d’une 
membrane suite à l’exposition à la substance pénétrante. En effet, le contact entre la 
substance chimique et la matrice polymérique cause généralement des altérations au niveau 
des propriétés thermomécaniques de cette dernière. Bien que ces changements de propriétés 
soient généralement considérés comme une conséquence indésirable de l'exposition aux 
produits chimiques, sonder ces changements de propriétés peut fournir des informations sur 
les concentrations des substances chimiques diffusantes (Duncan, Urquhart et Roberts, 
2005). L’une des techniques les plus répandues et également la plus simple pour étudier 
expérimentalement la diffusion consiste à évaluer la cinétique d’absorption ou la cinétique de 
prise de masse. La manipulation consiste à préparer un échantillon du matériau à étudier dont 
l’épaisseur est connue. L’échantillon est ensuite immergé dans la solution diffusante de 
manière à ce que la surface externe du matériau soit en contact permanent avec le solvant. La 
concentration est supposée uniformément répartie sur toute la surface de contact. Le liquide 
commence à diffuser dans la structure de la membrane. On considère que le réseau de la 
membrane conserve sa masse tout au long du processus et une évolution de la prise de masse 
du système est reportée en fonction du temps. Cette quantité correspond à la masse du 
pénétrant ayant diffusé. 
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1.2 Transport de matière à travers un système polymérique 
1.2.1 Diffusion à travers un réseau polymérique 
La diffusivité d’une substance dans une matrice polymérique ainsi que la solubilité du 
système dépendent étroitement du volume libre disponible dans le réseau. Ce volume est une 
propriété intrinsèque du matériau et dépend de sa nature, de son état physique ainsi que de 
ses éléments constitutifs (Drioli, Giorno et Fontananova, 2017). Le volume libre apparait 
sous l’effet de l’enchevêtrement et du désordre des chaînes macromoléculaires de la structure 
polymérique. La taille de l’espace vide varie continuellement en fonction de la vibration et de 
la translation des chaînes adjacentes sous l’effet de l’agitation thermique. L’ensemble de ces 
cavités donne naissance à un réseau de vide au sein de la structure permettant au diffusant de 
se déplacer. La Figure 1-2 illustre le mouvement d’un diffusant à travers le volume libre 
entre les chaînes. 
 
 
Figure 1-2. Déplacement d’une molécule de 
dioxyde de carbone dans la matrice d’un 
polyamide (6FDA-4PDA) – Illustration tirée de 
(Powell et Qiao, 2006) 
 
La mobilité et le degré de liberté des chaînes affectent de près la fraction du volume libre et 
ainsi la diffusivité du perméant. 
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La nature de la structure polymérique a une influence sur les coefficients de diffusion des 
substances pénétrantes. La Figure 1-3 montre un graphique qui représente des courbes de 
variation des coefficients de diffusion, en fonction de la masse moléculaire, des substances 
diffusantes à travers trois membranes de natures différentes ; deux caoutchoucs mous 
(caoutchouc naturel et caoutchouc de silicone), et un polymère vitreux dur et rigide 
(polystyrène). Il a été montré que pour les entités de très faible taille comme l'hélium et 
l'hydrogène, les coefficients de diffusion dans tous les réseaux polymériques sont 
comparables et ne différent que d'un facteur de 2 ou 3. Ces entités n'interagissent qu'avec un 
ou deux atomes à proximité immédiats dans la matrice. L'environnement local de ces 
pénétrants dans les trois polymères ressemble à celui d'un liquide. Cependant, pour les 
substances de plus grande masse moléculaire (de 200 à 300) et de diamètres moléculaires 
plus importants (de 6 à 10 Å), les environnements locaux sont très différents dépendamment 
du milieu de diffusion. En effet, dans les membranes polymères, plusieurs segments des 
chaînes polymères sont impliqués dans chaque mouvement de l'espèce diffusante. Les 
différences entre le mouvement des segments de polymère dans les membranes souples 
caoutchouteuses et dans la membrane rigide en polystyrène sont considérables. Les chaînes 
polymères des caoutchoucs sont beaucoup plus malléables et tournent plus facilement que 
celles du polystyrène. L'une des manifestations de cette différence dans la flexibilité des 
chaînes est la différence dans les propriétés élastiques et aussi les coefficients de diffusion 
(Baker, 2012). Pour comprendre la diffusion dans les membranes polymères, il est donc 
essentiel de connaitre l'environnement local autour de la molécule perméable. Ainsi, les 
polymères peuvent être divisés, du point de vue des propriétés barrières, en deux grandes 




Figure 1-3. Coefficient de diffusion 
perméable en fonction du poids moléculaire 
perméable dans l'eau, le caoutchouc naturel, 
le caoutchouc de silicone et le polystyrène – 
Figure tirée de (Baker, 2012) 
 
Il est à noter que des efforts considérables ont été déployés au cours des deux dernières 
décennies pour établir un lien entre la nature de la structure polymérique et leurs propriétés 
de perméation. Une corrélation quantitative fiable de nature structure/propriété barrière n’a 
pu être établie. Ce qui a été réalisé à ce jour est un ensemble de lois semi-empiriques qui ont 
permis de corréler les propriétés de perméation de familles apparentées de polymères en 
fonction des variations dans leurs structures chimiques. 
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1.2.2 Cas particulier : Les élastomères 
Dans un polymère caoutchouteux, élastomère, les segments des chaînes macromoléculaires 
peuvent se mouvoir librement et établir des rotations autour de leurs axes sous l’effet de 
l’agitation thermique. La mobilité segmentaire et la grande quantité de volume libre entre 
leurs macromolécules donnent à ces structures leur souplesse et leur élasticité, et 
particulièrement, les caractérisent par des coefficients de diffusion élevés (Heinrich, 2011). 
 
Un exemple présenté dans les travaux de Artis et al. montre l’évolution du coefficient de 
diffusion du dichloroéthane à travers la matrice de l’éthylcellulose en fonction de la fraction 
du volume libre de la structure. En augmentant la concentration du dichloroéthane dans la 
structure (de <1% à >90%), la température de transition vitreuse varie et la matrice se 
plastifie passant d’une structure vitreuse à une structure caoutchouteuse, puis en un gel 
gonflé par le solvant et enfin en solution polymérique. Le coefficient de diffusion passe 
d’environ 2×10−9 cm2/s à 2×10-6 cm2/s (Baker, 2012). La Figure 1-4 représente 




Figure 1-4. Variation du coefficient de diffusion du 
dichloroéthane dans la matrice du l’éthylcellulose en fonction 
de la fraction du volume libre dans la structure – Figure tirée 
de (Baker, 2012) 
 
1.2.3 Paramètres d’influence sur le phénomène de transport 
Le phénomène de diffusion fait intervenir une structure polymérique en interaction avec un 
solvant liquide. Lors de la mise en contact permanent entre les deux entités, des interactions 
physiques et chimiques sont inévitables. Ces interactions affectent plus au moins le processus 
de la diffusion en agissant sur les propriétés du milieu de diffusion. Pour sa part, le diffusant 
est caractérisé par des paramètres qui influencent d’une façon directe la diffusivité à savoir la 
taille des molécules du solvant. La viscosité, l’état physique ainsi que la volatilité jouent 
également un rôle dans la détermination du coefficient de diffusion. Quant au réseau 
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polymérique, la morphologie de la structure, le taux de réticulation des chaînes ainsi que son 
taux de cristallinité influencent le processus. Finalement, les conditions environnementales à 
savoir la pression et la température ont également montré des effets sur la  
diffusivité du système. 
 
1.2.3.1 Propriétés du pénétrant 
Étant une partie du système de diffusion, la substance diffusante influe par ses propriétés et 
ses caractéristiques sur le taux de transport à travers la structure. L’augmentation de la taille 
des molécules pénétrantes fait systématiquement diminuer le coefficient de diffusion du 
système (Siracusa et al., 2018). Également, la forme des pénétrants affecte le taux de 
diffusivité. Dans leurs travaux sur la diffusion à travers le polyéthylène à basse densité, 
Rusina et ses coauteurs ont évoqué le fait que pour le même volume occupé, les molécules 
ayant des formes aplaties ou allongées ont un coefficient de diffusion plus élevé que les 
molécules de forme sphérique (Rusina, Smedes et Klanova, 2010). Il est, cependant, 
intéressant à noter que la variation du facteur forme du pénétrant affecte la diffusion dans les 
réseaux polymériques vitreux plus que les réseaux caoutchouteux (George et Thomas, 2001). 
 
Certaines études se sont penchées sur l’effet de la variation de la nature du pénétrant sur le 
phénomène de transport en exposant un système polymérique donné à des solvants 
organiques. Les travaux de Kim et al., reportés dans la revue de George et Thomas, ont 
montré une baisse de l'absorption à l'équilibre proportionnellement à l’augmentation de la 
longueur de la chaîne moléculaire du diffusant. Le système étudié était des solvants 
organiques allant de l'heptane au dodécane et du polystyrène réticulé (George et Thomas, 
2001). Des études plus récentes effectuées par Al Minnath el al. se sont intéressées aux 
mécanismes de transports d’une variété de benzènes substitués (benzène, toluène et p-xylène) 
à travers un mélange de polymères à base de polyuréthane. Leurs résultats montrent que 
l'augmentation de la taille moléculaire du pénétrant engendre une diminution des valeurs de 
la diffusivité et dévient le mécanisme du transport (Al Minnath, Unnikrishnan et 
Purushothaman, 2011). D’autres travaux similaires ont été consacrés à la diffusion de 
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différents solvants organiques à travers des membranes polymériques (Mathew et al., 2002; 
Tiemblo et al., 2002). 
 
D’autre part, la littérature contient également des études qui traitent l’effet de la nature du 
pénétrant à travers des membranes élastomères. À titre indicatif, le transport moléculaire 
d’une série d'hydrocarbures aromatiques à travers des mélanges de 
polypropylène/caoutchouc nitrile isotactique a été étudié. Les coefficients de diffusion et de 
perméation diminuaient avec l'augmentation du volume molaire des solvants. (George, 
Varughese et Thomas, 2000). Les mêmes observations ont été notées avec un système de 




La variation de la température est responsable de l’agitation thermique des molécules dans le 
système. Cette agitation concerne les solutés dans le liquide de même que les chaînes 
macromoléculaires du réseau polymérique. Cette approche justifie la dépendance, de type 
Arrhenius, du coefficient de diffusion du système à la température. 
 
 ܦ = ܦ଴ ∙ exp	(−ܧ஽ (ܴ ∙ ܶ)⁄ ) (1.7) 
 
En comparaison avec les deux premiers processus de transport cités, le processus de diffusion 
est le plus sensible au paramètre de la température. Il a été également montré que l’énergie 
d’activation est un paramètre thermique qui dépend de la taille de la substance pénétrante 
plus que sa dépendance de la masse (Drioli, Barbieri et Brunetti, 2017). 
 
On compte plusieurs travaux dans la littérature qui ont montré l’effet de la variation de la 
température sur la diffusion de solvants à travers des systèmes polymériques. À titre 
d’exemple, Soney et al. ont étudié le transport moléculaire de certains hydrocarbures 
aromatiques à travers des membranes élastomères vulcanisées de styrène-butadiène. L’étude 
était menée dans un intervalle de température allant de 25 à 65°C. Il a constaté que 
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l’augmentation de la température active le processus de diffusion. Les auteurs ont pu 
également estimer l'entropie et l'enthalpie de sorption du système en se basant sur la relation 
de Van’t Hoff. Il est à mentionner, néanmoins, que l'absorption du solvant à l'équilibre avait 
légèrement diminué en raison du taux plus élevé de désorption aux hautes températures 
(George, Thomas et Ninan, 1996). Aminabhavi et al. ont évalué la résistivité des 
fluoroélastomères aux solvants ketones et nitriles en se basant sur la technique gravimétrique. 
Les tests de prise de masse ont été effectués à des températures allant de 30 à 60°C. Leurs 
résultats ont montré que la cinétique de la migration moléculaire des solvants est conforme 
au modèle de la diffusion à travers les structures polymériques pour tous les paliers de 
température et que les coefficients de diffusion obéissaient à la loi d’Arrhenius (Aminabhavi, 
Harlapur et Ortego, 1997). Aji et al. ont travaillé sur un mélange d’élastomère nitrile et 
d’éthylène-acétate de vinyle. Entre autres, l’effet de la température (23-75°C) sur la diffusion 
et la sorption de benzènes substitués par un méthyle a été observé. La même tendance que les 
travaux précédents a été remarquée. Selon les auteurs, la température active le processus de 
pénétration sous l’effet de la mobilité des chaînes dans le réseau polymère. Plus loin, les 
paramètres thermodynamiques issus de l’étude de la variation de la température ont permis la 
prédiction le taux de réticulation dans le système (Joseph, Mathai et Thomas, 2003). 
 
1.2.3.3 Additifs 
Dans l'industrie du caoutchouc, une grande variété d’additifs particulaires est utilisée à des 
fins diverses comme le renforcement, la réduction des coûts des matériaux et l'amélioration 
de la mise en forme (Pal et al., 2010). Au cours du phénomène de diffusion, ces espèces 
imperméables se logent et s’accumulent dans la structure de la membrane. Par conséquent, 
ces entités forment un obstacle qui s’oppose à la pénétration du diffusant  
(Tan et Thomas, 2016). 
 
La relation entre la diffusion et la présence de ces espèces dépend de leur nature, de leur 
degré d’adhésion ainsi que de leur compatibilité avec la matrice polymérique. Le taux 
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d’obstruction dépend également de la taille de ces entités, de leur forme et de leur orientation 
dans le réseau (Choudalakis et Gotsis, 2009b). 
 
Dans la revue de Mattozi, on trouve une relation qui exprime une proportionnalité entre le 
coefficient de diffusion global d’une membrane D et le coefficient de diffusion de la zone 
amorphe de la structure ܦ௔ (Mattozi, 2007): 
 
 ܦ = ܦ௔/	(߬ ∙ ߚ) (1.8) 
 
Avec β est un facteur d’immobilisation et τ est le facteur d’impédance géométrique. Karimi a 
montré que ce facteur augmente rapidement avec l’augmentation de la concentration ainsi 
que de la taille des entités imperméables (Karimi, 2011). 
 
Des travaux se sont intéressés à étudier l’effet des plastifiants sur la diffusivité. Un plastifiant 
est une molécule ajoutée aux formulations des matériaux plastiques généralement pour les 
rendre plus flexibles, plus résistants et plus faciles à manipuler. Ainsi, l’ajout d’un plastifiant 
à la structure d’un élastomère permet de faire augmenter la mobilité entre les chaînes 
macromoléculaires. Comme mentionné préalablement, cette mobilité est étroitement liée à la 
pénétration du diffusant; l’ajout de plastifiant favorise le transport du diffusant dans la 
structure. En contrepartie, un agent plastifiant contribue à affaiblir la solubilité du système. 
Dans les revues de Soney, l’ajout du tricresyl phosphate comme plastifiant au polymère 
permet d’améliorer le coefficient de diffusion du pénétrant à travers sa structure  
(Soney, 2001). 
 
1.3 Propriétés barrières des polymères nanocomposites 
De plus en plus, les efforts se multiplient pour développer de nouvelles technologies afin 
d’améliorer les propriétés barrières des membranes polymériques. Il est reconnu que la 
stratégie la plus prometteuse jusqu’à présent consiste à utiliser des polymères 
nanocomposites. Il s’agit d’une classe de composites polymériques dans laquelle la matrice 
est chargée par des particules dont au moins l’une des dimensions est inférieure à 100 nm. 
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Certains de ces nanocomposites ont montré une capacité inédite à améliorer les propriétés 
barrières par rapport aux polymères non chargés et aux microcomposites, et cela à des taux 
de chargement relativement faibles (Kotal et Bhowmick, 2015; Valapa et al., 2017). Parmi 
les particules nanométriques les plus utilisées on compte les nanoargiles qui sont à la fois très 
abondantes, peu coûteuses, stables chimiquement et aussi respectueuses de l’environnement. 
En outre, et contrairement à d’autres nanoparticules comme celles d’or, d’argent et de 
dioxyde de titane, les nanoargiles ne sont pas reportées toxiques. Cela est principalement dû à 
la nature inerte de leur structure chimique ainsi que leur facteur forme élevé  
(Zhang et al., 2017). 
 
1.3.1 Les nanoparticules d’argile lamellaire 
Les minéraux argileux sont des substances naturelles rocheuses qui englobent plusieurs 
catégories. Les phyllosilicates constituent une famille de ces minéraux et correspondent à des 
argiles lamellaires. Les phyllosilicates sont composés d’un empilement interconnecté de 
feuillets de silicates. Chaque feuillet est formé d’une superposition de couches tétraédriques 
et octaédriques. Une couche tétraédrique plane est basée sur une continuité d’anneaux de 
tétraèdres de silicate (SiO44-) dont des groupes hydroxyles (OH) occupent leurs centres. Les 
couches octaédriques, quant à eux, dictent la nature du phyllosilicate dépendamment de la 
nature ainsi que la charge du cation qui les compose (Al3+, Fe2+, Mg2+, etc.) (Laske, 2015; 
Zabihi et al., 2018). Comme le montre la Figure 1-5, les couches sont connectées en 
partageant les groupes hydroxyles ainsi que l’atome d’oxygène apical résultant des liaisons 




Figure 1-5. Modèle cristallographique de la structure phyllosilicate – Figure 
tirée de (Domenech, 2012) 
 
En particulier, les smectites sont des 2:1 phyllosilicates ; chaque lamelle de ces argiles est 
formée d’une couche octaédrique d’aluminium en sandwich entre deux couches tétraédriques 
de silicium. Il est à noter que l’origine de la grande diversité des argiles lamellaires provient 
du fait que les cations d’aluminium (Al3+) situés dans leurs couches octaédriques peuvent 
être partiellement substituées par d’autres cations de même taille. Si une telle substitution 
isomorphe s’effectue par un cation de moindre valence, il en résulte un excès de charge 
négative. Afin d’assurer l’électroneutralité de l’ensemble des couches, des cations de métaux 
terreux alcalins déjà présents dans le minéral comme ceux du calcium, du potassium ou du 
sodium contrebalancent cette altération de charge. Ces cations compensateurs ne pénètrent 
pas à travers les couches tétraédriques et se logent plutôt dans le vide interlamellaire (Cui, 
2009). C’est grâce à la présence de ces cations que les argiles lamellaires naturelles sont 
dotées de leur nature hydrophilique. Dans le cas particulier où les cations Al3+ sont substitués 
par des cations Mg2+, le smectite résultant se transforme en montmorillonite (MMT), l’une 
des familles les plus commercialisées des argiles lamellaires (Dlamini, Li et Mamba, 2019). 
Les argiles montmorillonites sont le plus souvent commercialisées sous forme de poudre fine 
dont la taille de ses grains est d’environ 10 µm. Chaque grain constitue une agglomération 
d’amas de cristaux d’argile. Au sein de chaque cristal se trouvent des agrégats de tactoïdes 
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aléatoirement orientés. Ces tactoïdes correspondent à des empilements des lamelles, ou 
feuillets, unitaires décrits préalablement. Un tactoïde de montmorillonite compte environ une 
dizaine de lamelles (Chu et al., 2013). La structure du MMT à différentes échelles est 
schématisée dans la Figure 1-6. Une lamelle mesure environ un nanomètre d’épaisseur. Sa 
dimension latérale est de quelques dizaines à quelques centaines de nanomètres. Cela leur 
confère un facteur forme très élevé. Un tactoïde préserve son intégrité grâce aux forces 
électrostatiques et aux faibles forces de Van Der Waals qui s’établissent entre les feuillets 
élémentaires dans le vide interlamellaire. Dans l’hypothèse où une séparation complète des 
lamelles peut avoir lieu, un gramme de MMT lamellaire peut fournir une surface spécifique 
réactive d’environ 750 m2 (Naveau et al., 2011). 
 
 
Figure 1-6. Représentation de l'organisation multiéchelles de la montmorillonite 
– Figure tirée de (Espinosa et Stalin, 2017) 
 
1.3.2 Souci de dispersion dans les nanocomposites 
Un nanocomposite, c’est quoi ? Un nanocomposite est une classe de matériaux hybrides dont 
au moins l’une des phases se trouve à l’échelle nanométrique. En particulier, les 
nanocomposites polymères se composent par une matrice polymérique chargée par des 
renforts nanométriques. 
 
1.3.2.1 Les nanocomposites à base de nanoparticules d’argile 
Le MMT par sa grande surface spécifique, son facteur de forme élevé, sa haute résistance et 
son faible coût semble être prometteur comme phase de renfort pour les nanocomposites. 
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Avec un chargement en MMT de seulement 5% en masse, les propriétés mécaniques et 
thermiques étaient grandement améliorées. Depuis, les études se sont poursuivies pour 
révéler des caractéristiques uniques et inédites d’une large gamme de polymères renforcés 
par du MMT. En plus des propriétés thermomécaniques, des améliorations ont été apportées 
aux propriétés barrières, aux propriétés de transparence, au retardement de feu, etc. 
 
À l’échelle microstructurelle, de telles bonifications ne peuvent être atteints que si le 
maximum de la surface spécifique du MMT rentre en contact avec les chaînes polymères et 
un maximum d’interface soit établi entre les feuillets silicates et la matrice. Ainsi, la clé de 
réussite de la synthèse d’un nanocomposite à base d’argile lamellaire consiste à désassembler 
les lamelles qui composent les tactoïdes et atteindre un niveau élevé d’exfoliation. 
Cependant, mélanger physiquement les MMT avec un polymère ne produit pas 
nécessairement un nanocomposite. En effet, les groupes hydroxyles AlOH qui constituent les 
bordures des lamelles d’argile ainsi que les réseaux de tétraèdres silicates sur leurs surfaces 
font en sorte que 8 à 10% de la superficie de la lamelle soit couverte de molécules d’eau. 
Cette nature hautement hydrophilique est incompatible avec les structures des réseaux 
polymériques majoritairement hydrophobes et empêche la dispersion des nanoparticules 
d’argile. La littérature rapporte assez peu de polymères combinés avec succès à des MMT à 
l’état naturel, exception faite de l’alcool polyvinylique et de l’oxyde de polyéthylène. 
 
1.3.2.2 Fonctionnalisation des nanoparticules d’argile 
Afin d’améliorer l’affinité chimique entre les MMT et les polymères organiques de nature 
hydrophobe, il est nécessaire d’appliquer des modifications chimiques sur les surfaces des 
lamelles silicates. Intuitivement, les modifications consistent à attribuer à ses surfaces une 
nature organique et apolaire pour favoriser l’interaction interfaciale entre le polymère et les 
nanoparticules. Ces modifications s’effectuent sur la surface dans les sites de déficit de 
charges occupés par les cations terreux hydratés à travers une substitution cationique. Les 
éléments chimiques introduits sont des tensioactifs fonctionnels ; ce sont des molécules 
composées qui possèdent une partie hydrophile polaire pour assurer le processus de 
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substitution et une partie organique hydrophobe pour interagir avec les macromolécules 
polymériques. L’étendue de fonctionnalisation dépend du nombre des sites d’échange 
cationique sur la surface de la lamelle. Cette spécification est caractéristique pour une argile 
et se considère comme sa capacité d’échange cationique (CEC). Pour les MMT, la CEC 
s’évalue entre 60 et 120 meq/100g. Parmi les cations tensioactifs, on compte les alkyles-
ammonium, les alkyles-phosphonium, etc. Il est à noter que les alkyles-ammonium 
quaternaires sont de loin les plus utilisés. La structure de ces molécules est basée sur celle du 
cation ammonium avec une substitution de l’une ou de plusieurs de ces atomes d’hydrogène 
par des chaînes aliphatiques dont le nombre d’atomes de carbone varie de six à une vingtaine. 
LeBaron et Pinnavaia étaient les premiers chercheurs à appliquer des modifications de 
surface sur des silicates lamellaires. Ils ont utilisé des cations hexadecyltrimethylammonium 
pour assurer la compatibilité avec de la polydimethylsiloxane. Ils ont montré qu’avec 
seulement 5% de nanoparticules modifiées, la résistance à la traction de l’élastomère silicone 
a augmenté de 152 à 361 MPa (LeBaron et Pinnavaia, 2001). Il est à mentionner que lesdites 
chaînes peuvent être terminées par des groupes réactifs comme les groupes hydroxyles. En 
raison de l’encombrement causé par les tensioactifs volumineux, il a été montré que leur 
présence fait augmenter la distance interlamellaire et aide ainsi l’intercalation des chaînes 
polymériques entre les lamelles. L’étendue de cet espacement dépend de la nature des cations 
tensioactifs, du nombre des chaînes aliphatiques par cation, de la longueur de ces chaînes 
ainsi que de leur agencement dans le vide interlamellaire. La Figure 1-7 présente certaines de 
ses configurations. Ray a établi une liste exhaustive des cations tensioactifs les plus 




Figure 1-7. Configuration schématique des ions alkyle-ammonium dans 
l'espace interlamellaire de la smectite – Figure tirée de (Christidis, 2011) 
 
1.3.2.3 Stratégies de compatibilisation nanoargile/polymère 
La stratégie de fonctionnaliser les surfaces des lamelles silicates par des molécules 
tensioactives permet d’augmenter la distance interlamellaire et d’espacer les plaquettes 
d’environ un nanomètre. Cependant, l’intercalation des macromolécules de la matrice 
nécessite un espacement d’au moins 3 à 4 nm, dépendamment de la nature du polymère. 
Ainsi, d’autres techniques ont été mises au point pour augmenter davantage l’affinité 
chimique entre les lamelles argiles et le réseau polymérique. Il faut d’abord souligner le fait 
que ces techniques peuvent être une alternative à la modification organique et s’appliquent 
sur les nanoargiles à l’état vierge comme elles peuvent être appliquées suite à l’introduction 
des agents tensioactifs pour renforcer l’intercalation. Étant donné le caractère hydrophile des 
MMT à l’état naturel, certains chercheurs ont opté pour l’intercalation des lamelles silicates 
par des solvants et par des solutions à faible masse molaire avant l’introduction du polymère 
(Daab et al., 2018; Sirinakorn et al., 2018). Une telle substance peut être de l’eau, des 
alcools, des glycols, etc. En effet, l’espace interlamellaire initial du MMT est estimé à 0,96 
nm. Cette distance augmente à 1,7 nm suite à l’introduction de l’éthylène glycol. 
L’intercalation sera facilitée pour un polymère compatible avec le solvant introduit. Srikhirin 
et ces coauteurs tentaient de l’intercalation de deux types de MMT par deux 
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polydiacétylènes. Le processus était précédé par une dilution des nanoargiles dans une 
solution d’éthanol aqueux. L’intercalation a été confirmée par la diffraction des rayons X et 
pour l’un des systèmes polydiacétylène/MMT la distance interlamellaire était de 3,68 nm 
(Srikhirin, Moet et Lando, 1998). Dans les travaux de Gilman, les MMT étaient 
prédispersées dans de l’éther couronné. Par la suite, les lamelles étaient intercalées avec 
réussite par du polystyrène et du nylon-6 (Gilman et al., 2001). La littérature évoque une 
approche d’intercalation similaire qui consiste à introduire des liquides organiques dans les 
MMT afin de mieux disperser des matrices polymères. Ces intercalants sont généralement 
solubles dans l’eau et doivent contenir, soit des groupes fonctionnels (hydroxyle, carbonyle, 
etc.), soit un anneau aromatique volumineux pour aider à espacer les lamelles (Fajrin et al., 
2017; Gates et al., 2016). Ces entités établissent des raccords avec la lamelle silicate par 
liaison électrostatique à travers un cation métallique résiduel ou par chélation de ce cation 
(Abubakar Zauro et Vishalakshi, 2018). En visant toujours les sites à charge positive issus 
des substitutions isomorphes, des chercheurs ont utilisé des intercalants à caractère 
amphilyophile. Dans cette catégorie, les molécules les plus utilisées sont les alkyles-
pyrrolidones. Dans les travaux de Beall, du n-dodecyl-pyrrolidone est dispersé avec les 
nanoargiles à une fraction de 2:1. Un espacement de 3,5 nm est atteint avec cette 
configuration. En effet, deux chaînes alkyle se réunissent sur un même cation métallique 
pour donner naissance à un encombrement rigide qui engendre un éloignement des lamelles 




Figure 1-8. Modèle moléculaire de l'ion dipolaire 
dodécyl-pyrrolidone lié à du sodium – Figure tirée de 
(Beall et Powell, 2011) 
 
La littérature discute également une stratégie prometteuse qui se base sur une intercalation à 
deux niveaux. Elle consiste à appliquer un traitement des molécules d’alkyle-ammonium sur 
les MMT en premier lieu, puis le faire suivre par l’introduction d’une molécule ou d’un 
oligomère doté d’un groupement polaire pour renforcer l’intercalation. Une application de 
cette méthode se manifeste dans les travaux d’Usuki et al (Kato et al., 2011). Les 
nanocomposites préparés sont des polyoléfines chargés par des MMT. L’intercalation du 
premier niveau est effectuée par des ions de chlorure d'octadécyl-ammonium. En second lieu, 
les lamelles silicates organiquement traitées étaient introduites par des oligomères 
polyoléfines greffées par de l'anhydride maléique. Les résultats ont montré une augmentation 
considérable de l’étendue de l’intercalation, mais aussi une forte dépendance de la présence 
du groupement anhydride (Kato et al., 2011). D’autres stratégies intéressantes ont été 
adoptées pour aboutir à des états d’intercalation élevés à savoir l’intercalation par silylation, 
par des composés époxy et par des anions organiques (Bee et al., 2018; Fu et al., 2016). Pour 




1.3.3 Techniques de fabrication de nanocomposites à base de nanoparticules 
d’argile 
La compatibilité chimique facilite l’intercalation des polymères dans les nanoargiles, mais 
ces traitements sont loin d’être suffisants pour atteindre un état d’exfoliation là où les 
lamelles silicates sont totalement dispersées dans la matrice. Le choix judicieux de la 
technique de mise en forme du nanocomposite joue un rôle primordial dans l’obtention d’une 
structure homogène et influence ainsi les propriétés du matériau résultant. Les procédés de 
fabrication peuvent être catégorisés en trois familles ; la polymérisation in situ, le mélange en 
solution et la mise en forme à l’état fondu (Benbayer, 2014). 
 
1.3.3.1 Polymérisation in situ 
La technique de polymérisation in situ consiste à faire gonfler les tactoïdes nanoargiles par 
introduction de monomères dans les galleries interlamellaires. Ensuite, le processus de 
polymérisation est amorcé à partir de ces monomères en partant de l’intérieur de l’espace 
entre les lamelles silicates et s’achève par la formation complète du polymère de la matrice. 
La polymérisation contribue davantage à l’écartement des lamelles sous l’effet de 
l’augmentation du volume occupé par les macromolécules. La polymérisation en situ est, par 
effet, une procédure très prometteuse pour concevoir des nanocomposites argiles dont la 
structure s’approche de l’état d’exfoliation. D’ailleurs, cette technique a été la première à être 
utilisée dans les travaux précurseurs d’Okada et son équipe à Toyota pour réussir la 
polymérisation du monomère ε-caprolactame dans des lamelles MMT pour produire du 
nanocomposite argile à base de polyamide 6 (Lennerová, Kovanda et Brožek, 2015; Okada et 
al., 1989). Il est recommandé de combiner cette technique avec un traitement chimique des 
surfaces des lamelles avec des tensioactifs qui sont compatibles avec les monomères pour 
faciliter leur introduction. 
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1.3.3.2 Mélange en solution 
La technique de mélange en solution s’articule principalement sur le choix d’un solvant 
adéquat qui permet à la fois de gonfler les nanoparticules d’argile et de faire dissoudre le 
polymère de la matrice. En dispersant une faible concentration de nanoargiles dans le 
solvant, les faibles forces de Van der Waals cèdent les liaisons entre les lamelles silicates et 
donne naissance à une structure éclatée des nanoparticules. À cette dispersion s’ajoute la 
solution du polymère dissous dans le même solvant. Les chaînes macromoléculaires 
s'intercalent aisément et s’adsorbent sur les surfaces silicates délaminées. Suite à 
l’élimination du solvant, les lamelles tendent à se regrouper en gardant les chaînes polymères 
agrippées entre elles faisant apparaitre une structure intercalée (Valapa et al., 2017). 
 
La synthèse de nanocomposites par mélange en solution est très convenable pour les 
polymères hydrosolubles tels que le poly(vinylpyrrolidone), le poly(alcool vinylique), le 
poly(oxyde d’éthylène), etc. Ces polymères sont ainsi solubles dans l’eau, un milieu dans 
lequel les nanoargiles sont gonflables sans même avoir recours au traitement organique par 
les tensioactifs. Pour d’autres systèmes polymère/MMT, plusieurs solvants peuvent être 
utilisés. La littérature reporte l’utilisation de ce procédé avec des solvants non aqueux pour 
préparer des nanocomposites basés sur une variété d’élastomères à savoir le caoutchouc 
naturel et naturel epoxydé, le poly(isoprène), le poly(styrène-butadiène), le poly(butadiène), 
le caoutchouc éthylène-propylène-diène monomère, le poly(acrylonitrile-butadiène) avec des 
solvants organiques comme l’acétone, le toluène et le chloroforme (Galimberti, 2011). 
Toutefois, la procédure requiert des volumes considérables de solvant ce qui est défavorable 
pour l'environnement et rend l’application assez limitée à l’échelle industrielle. 
 
1.3.3.3 Mise en forme à l’état fondu 
Pour commercialiser les nanocomposites, la fabrication des nanocomposites par mise en 
forme à l’état fondu est la technique la plus adéquate. Elle peut s’effectuer par les mêmes 
méthodes traditionnellement utilisées pour la synthèse des polymères classiques et ne 
requière aucun solvant. La production en continu, comme l’extrusion, revêt un engouement 
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particulier au niveau industriel. Ce procédé est adopté pour la préparation de la grande 
majorité des nanocomposites à base d’argile (Mittal, 2009). 
 
Dans cette approche, le polymère de la matrice est porté à l’état fondu sous une température 
élevée. La charge en nanoargiles est ensuite mélangée avec le polymère fondu sous une 
contrainte de cisaillement exercée par le dispositif de mise en forme. À l’état fondu, les 
chaînes macromoléculaires surmontent l’état d’enchevêtrement et acquièrent plus de liberté 
de translation. Elles s’introduisent puis diffusent dans les galeries interlamellaires des 
nanoargiles. Pour les élastomères, le matériau est ramené à l’état latex pour lequel la 
structure devient souple. Comme avec les élastomères conventionnels, le mélange doit se 
préparer avant toute vulcanisation. Le processus de mise en forme est animé davantage sous 
l’effet des contraintes de cisaillement qui contribuent à la délamination des feuillets silicates 
et à forcer l’intercalation des macromolécules. Toutefois, un minimum de compatibilité 
chimique doit exister entre le couple polymère/nanoargile afin d’assurer un niveau élevé de 
structure intercalé/exfolié. Ainsi, inclure des nanoargiles fonctionnalisées est très courant 
avec la technique de mise en forme à l’état fondu (Beall et Powell, 2011; Cui et al., 2015). 
 
Plusieurs études sont axées sur les nanocomposites basés sur des MMT, avec et sans 
modification organique, en utilisant le procédé d'intercalation à l'état fondu. Particulièrement 
avec les élastomères, des auteurs comme Liang et Ghari ont discuté récemment les avancées 
sur l’intercalation à l’état fondu du caoutchouc naturel (Ghari et Jalali-Arani, 2016; Liang et 
al., 2015). Pandey et Adak ont traité le même point avec le polyuréthane pour des 
applications sur les propriétés barrières (Adak, Joshi et Butola, 2018; Pandey et al., 2017). 
Un nombre important de travaux ont été fait sur la mise en œuvre de nanocomposites à base 
d’élastomères nitriles, les plus récentes de ces études ont traité les effets des différentes 
modifications chimiques  ainsi que les paramètres de synthèse sur la structure du matériau 
résultant (Bhadran et al., 2018; Zhang et al., 2016). 
 
Bien que la mise en forme à l’état fondu soit l’une des méthodes les plus attrayantes pour la 
génération commerciale de nanocomposites polymères, des limitations s’imposent. Étant 
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donné que la mise en forme s’effectue à haute température, ces conditions peuvent être 
néfastes autant pour les molécules organiques de modification des argiles que pour la matrice 
polymérique elle-même. Le composé peut se dégrader sous cet effet et perdre ses propriétés. 
En outre, et à une certaine limite de contraintes de cisaillement appliquées, les lamelles 
silicates peuvent se briser ce qui réduit considérablement leur facteur forme caractéristique. 
Ainsi, les paramètres de mise en forme doivent être judicieusement choisis afin de garder 
l’intégrité du nanocomposite et profiter au mieux de l’effet des nanoargiles. 
 
Préface du chapitre 2 : 
 
Le chapitre suivant constitue l’objet de l’article 1. L’objectif de cet article est d’évaluer 
l’influence des techniques de mise en forme et l’effet des paramètres de synthèse associés sur 
la morphologie d’un nanocomposite à base de caoutchouc nitrile chargé de nanoargiles. Sont 
adoptées trois des techniques les plus reconnues dans la littérature; l’extrusion, le mixage et 
la voie chimique. Le chapitre s’achève par examiner l’influence de ces paramètres sur les 
propriétés barrière du nanocomposite. Ses propriétés de résistance chimique et de transfert de 
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The present study focuses on the influence of layered silicate nanoparticles on barrier 
properties of a rubber/nanoclay nanocomposite (RCN). Most of the previous works deal with 
the importance of the surface chemistry of the nanoclay on the performance of the material. 
In this paper were rather investigated the effect of the processing conditions. Elastomer 
nanocomposites based on nitrile butadiene rubber and layered silicate nanoparticles were 
prepared using three different techniques: chemical dissolution, mixing in an internal mixer 
and melt-mixing with a twin-screw extruder. Chemical resistance to methanol was assessed 
using gravimetric method and mass transfer kinetic parameters were then deduced. Mass 
uptake results clearly showed that extruded RCN exhibited the highest chemical resistance. 
Barrier properties were subsequently correlated to the morphological structure of the 
rubber/nanoclay system. Small-angle X-ray diffraction patterns indicated that this 
improvement was due to a preferred alignment of the nanoparticle in the structure. Further, 
inspection revealed an anisotropic orientation profile of the nanoclay layers over the 
thickness of a sheet-like extruded material. In addition, a neat decrease of chemical sorption 
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was spotted with mixing and chemically processed RCN materials over the unfilled rubber. 
The state of dispersion of clay nanoparticles was also probed in these nanocomposites using 
X-ray diffraction. The findings suggested an intercalation during processing. Further, 
transmission electron microscopy observations were suggesting a bimodal state of dispersion 
over spotting individual nClay platelets along with the layered stacks. Improvement of mass 
transport kinetic parameters was recorded over increasing the shear stress as well as the 
residence time when RCN were prepared in the internal mixer. 
 
Keywords: Nitrile rubber, layered silicate nanoparticles, rubber/clay nanocomposite, mass 
transfer kinetics, mass uptake. 
 
2.2 Introduction 
Rubber/nanoclay nanocomposite has attracted substantial attention in the past decade due to 
their outstanding properties even at considerably low nanoparticle proportions (Caldona et 
al., 2017). These materials combine the easiness of polymer processing with the strength of 
the nanometric platelets-like fillers. The high aspect ratio of their layers was reported, in 
several works, to greatly reduce fluid permeability by creating a tortuous pathway to the 
penetrant substance (Mittal, 2010; Sedničková et al., 2017). For an optimal performance, the 
ideal state would be having a complete separation of the nano-platelets leading to a 
maximum of active interface in the rubber/nanoclay system (Jauhari et al., 2017; Suter, 
Groen et Coveney, 2015). However, total delamination is technically difficult to achieve due 
to the non-compatibility between the rubbery matrix and the hydrophilic nature of the bare 
clay nanoparticles surface (Suter, Groen et Coveney, 2015). The synthesis of a successful 
RCN depends upon the thermodynamic interaction between the rubbery matrix and the 
hosted nanoparticles (Hári et al., 2017). 
 
It has been reported that several factors affect the dispersion and the distribution of the nano-
platelets in the matrix of the nanocomposite as well as their contribution to the intercalation 
process (Hsieh, Cheng et Wu, 2017). For instance, Fornes, Hunter and al. depicted the 
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significant effect of the nano-layers surface modification using alkyl ammonium cations 
(Fornes, Hunter et Paul, 2004a; 2004b; Fornes et al., 2002). Among others, Wang and Chen 
elucidated the effect of the nature and the concentration of nano-filler/matrix compatibilizers 
(Wang et al., 2004). From another perspective, an increasing number of studies proved that 
the preparation conditions could substantially influence the morphology of the 
nanocomposites. Specifically, mastering processing parameters might play a key role in 
achieving a better dispersion (Modesti et al., 2005; Puglia et al., 2016; Yang et Ozisik, 2006) 
and controlling nanoparticles alignment within the structure (Domenech, Peuvrel-Disdier et 
Vergnes, 2013; Koo et al., 2005; Treece et Oberhauser, 2007). In particular, Lertwimolnun 
and al. recorded the influence of the type of extruder, whether equipped with a single screw 
or a co- and counter-rotating twin-screws, on the morphology of layered silicate/natural 
rubber system (Lertwimolnun et Vergnes, 2006). Besides, the works of Varghese and al. 
were devoted demonstrating the effect of the processing conditions while mixing such as the 
mean residence time and the amount of shear stress (Varghese, Karger-Kocsis et Gatos, 
2003). More specifically, Wu, You‐Ping and al. as well as Kim and al. established relations 
between processing conditions and morphological structure of nitrile rubber based 
nanocomposites (Kim, Oh et Lee, 2004; Wu et al., 2003). However, the effect of these 
processing conditions was far from being fully explained and these parametric studies were 
not related to the barrier performance of the material. 
 
In the current paper, some factors that may affect layered silicates delamination, dispersion 
and orientation within the rubbery matrix were treated based on morphological analyses. A 
correlation was then established with the chemical resistance properties of  
the nanocomposites. 
 
2.3 Reagents and materials 
Nitrile rubber (NBR) was chosen as the polymeric matrix for the nanocomposites under 
investigation. Powdered acrylonitrile-butadiene rubber (Baymod N34.52) with an 
Acrylonitrile content of 33.0±1.0% was kindly provided by Matexion, ON, Canada. The 
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rubber is characterized by a Mooney viscosity of 45±5 at 100°C and a specific  
gravity of 0.98. 
 
Nanomer® I.44P, an organically modified layered silicate nanoparticle (nClay) in powder 
form was used as a nano-filler for the preparation of the nanocomposite. It consists on 
nanoclay of Na+ type montmorillonite subjected to a surface treatment with 35-45 wt. % of 
dimethyl dialkyl (C14-C18) amine (Sigma-Aldrich, Canada). 
 
Acetone for components dissolution and dispersion as well as methanol for swelling 




2.4.1 Preparation techniques of rubber/clay nanocomposites 
Three main techniques were adopted in order to assess processing parameters effect on 
barrier properties of the nitrile rubber nanocomposite. 
 
2.4.1.1 Chemical dissolution 
The preparation of the nanocomposite by the chemical method was carried out in two parts; 
each component was first dissolved separately in the same adequate solvent. The two resulted 
solutions were then mixed together. 
 
Based on solubility parameters data from the literature, acetone was chosen to dissolve nitrile 
rubber (Forrest, 2001). Dissolution was carried out at room temperature and with a ratio of 
rubber to solvent of 2:5, weight/volume. The solution was continuously stirred for 20 hours 
at 700 rpm. Those stirring parameters were found to be the optimum match to achieve a total 
dissolution of the nitrile powder in the solvent. 
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On the other hand and at the same temperature conditions, 5 parts per hundred of rubber 
(phr) of the clay nanoparticles were dispersed in acetone at 1:30 weight/volume ratio at the 
same stirring speed of 700 rpm for 20 hours. Subsequently, both obtained solutions were 
mixed together and stirred for additional 20 hours to ensure a total mixture of the 
components. The stirring speed was slightly reduced to 600 rpm because of the increase in 
the viscosity of the system. Afterward, the mixture was cast over in a thoroughly cleaned 
sheet of Teflon to avoid sticking issues. The sample was then kept in ambient condition 
under a ventilated hood until the evaporation of most of the solvent. The resulted 
nanocomposite sheet was vacuum-dried in the oven for 24 hours at about 65°C to ensure a 
complete drive out of the residual acetone. 
 
2.4.1.2 Extrusion 
The required nanocomposites were prepared in a Haake Polylab OS – RheoDrive 4 twin 
screw extruder (Rheomex OS PTW16). The screws (40, length/diameter) were operating in 
counter rotation mode. The rotation speed was set at 100 rpm for which the maximum torque 
allowed by the extruder was attained. The feeding rate was set at 50 rpm to keep moderate 
pressure during extrusion. The temperature settings at the barrel and at the flat-die were set at 
160°C. This value must not be exceeded to avoid the degradation of the material. To enhance 
distribution, nClay and elastomer powders were dry mixed by shaking in a sealed glass 
container prior to being fed into the hopper. The outgoing nanocomposites were air cooled at 
ambient temperature then cut into strips of about 10 cm in length. 
 
2.4.1.3 Mixing 
Nanocomposites with a mass fraction of 5% of nClay/1 (RCN/1-5%) were prepared by 
compounding in a Brabender mixer equipped with twin roller blades (Rheomix OS). For all 
samples, the components were mixed at a fixed temperature of 135°C. Bellow this 
temperature, the mixture was noticed to be still powdered and did not completely transform 
into latex form. The compounding speed was set up to 100 rpm. Higher speeds would 
increase the temperature of the processed material in the chamber. In order to evaluate 
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mixing conditions effect on the performance of the synthesized materials, nanocomposites 
were mixed at three different residence times going from 5 to 25 minutes; 5 min was set 
arbitrary as minimum time of mixing. However, nanocomposite was found to degrade at a 
mixing time over 30 min. In addition, processing was operated at different values of torque 
ranging from 25 to 155 N.m. Torque values were controlled by the material loading volume 
in the mixing chamber. 155 N.m. correspond to a loading of 70% of the mixing chamber 
which is the maximum filling allowed in the blender. Formulation of the nanocomposites 
mixing parameters was portrayed in Tableau 2-1. 
 












01 5 25 35 
02 5 50 70 
03 5 95 140 
04 5 155 210 
05 15 155 210 
06 25 155 210 
 
Afterward, all compounds were press-molded in the form of sheets of 125 × 125 × 2 mm at 
150°C under 10 MPa pressure using a hydraulic press in accordance with D3187-06 ASTM 
standard. Curing time was defined by the rheological data obtained from MCR 501 Anton 
Paar rheometer. The compressed sheets were used in what follows for mass transfer 
experiments and for morphological characterization. 
 
2.4.2 Morphological study 
The galleries basal spacing (d-spacing) of the layered silicate nanoparticles, in their native 
form and after being incorporated in the synthesized rubber nanocomposites, was 
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investigated using X-ray diffraction technique. The diffractometer was equipped with a 
nickel-filtered CuKα radiation. Samples were tested at a generator voltage of 45 kV and a 
wavelength of λ=1.541 Å (XRD - Philips PANalytical X’pert PRO). Experiments were 
performed at room temperature. Each run was performed in step mode at a scan rate of 
1°.min-1 and within the range of scattering angles (2θ) from 2.5 to 10°. The d-spacing was 
then calculated according to Bragg’s equation given by λ = 2d·sin(θ) (Ren et al., 2005). 
 
The morphological study was consolidated with transmission electron microscopy (TEM) 
observations. Analyses were carried out meaning an FEI Tecnai G2 F20 TEM  
operating at 200 kV. 
 
The alignment of the clay nanoparticles in the elastomeric matrix was also investigated by 
the mean of Small-angle X-ray diffraction experiments (SAXS - Bruker Nanostar 
diffractometer). Measurements were conducted on a pinhole geometry camera using a 2D 
wire detector at 28 cm of distance between the sample and the detector. The wire detector 
allowed energy resolution reaching 1.54 Å. 
 
2.4.3 Mass uptake experiment 
Swelling behavior of the nanocomposite membranes was assessed gravimetrically. Vacuum 
dried rectangular shaped membrane samples of 60 × 10 mm were cut from the press-molded 
nanocomposite sheets. A sharp-edged steel die was used for the cut. Dry weights of the 
samples were placed in screw-tight test bottles containing about 10 mL of methanol and 
maintained at room temperature. At regular intervals of time, samples were removed from 
the solvent, gently dried with a paper towel before being weighed on an analytical balance 
(±0.01 mg). This experimental procedure was repeated until reaching swelling equilibrium 
and for which no more solvent was up-taken by further immersion. For each specimen, three 
replicates were performed in order to obtain statistically valid data. 
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The output from a mass uptake experiment was the percent weight gain (%), which  
is calculated as: 
 
 %ܯܽݏݏ	ݑ݌ݐܽ݇݁(ݐ) = ൬݉௧ − ݉଴݉଴ ൰ × 100 (2.1) 
 
Where ݉଴ is the initial weight of the sample and mt is its weight at a given time t. 
 
2.4.4 Kinetic parameters of mass transfer 
In the literature, different methods were adopted to describe the transport phenomena and to 
estimate the ability of the material to act as an effective barrier. Most of these approaches 
were formulated from the Fickian model which is based on an assessment of the diffusivity 
of a penetrant substance in a polymer. 
 
The concentration independent diffusion coefficient, D (cm2.s-1), provides a measure of the 
molecular diffusion rate within the polymer structure. Mass transport at the molecular level 
occurs in the direction of the penetrant concentration gradient through a membrane-like 
specimen of thickness h. The normalized weight gain of the penetrant solvent can be 
described by the following simplified equation. More details about the resolution of Fick’s 
relation can be accessed in our previous works (Vinches et al., 2012; Zemzem, Vinches et 
Hallé, 2017a; 2017b). 
 








The solubility, S, of the studied materials is related to the chemical nature of both penetrant 
and polymer; it is the capacity of the polymer to uptake the solvent. The permeability 
coefficient, P, is defined as the volume of the permeant which passes through a unit area of 
the membrane per unit time on a normalized thickness, all within a unit pressure difference 
across the system. 
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This parameter depends on both solubility and diffusion coefficients of the process; it is 
therefore defined as (George et Thomas, 2001): 
 
 ܲ = ܦ × ܵ (2.3) 
 
2.5 Results and discussions 
2.5.1 Morphology study and X-ray diffraction patterns 
X-ray diffraction techniques had been used to elucidate the morphology of the rubbery 
nanocomposites. Multilayered structures had been identified due to the periodic arrangement 
of the nClay platelets as well as the lamellar structure of the ordered intercalate in the 
nanocomposites. Over intercalation, layers periodicity is preserved and interlayer spacing can 
be calculated. Intercalation of polymeric macromolecules between the nClay layers increases 
the d-spacing and causes a shift of the characteristic peaks of the XRD patterns toward 
smaller angles (Xi et al., 2004). 
 
XRD patterns of two RCN membranes prepared by an extruder, internal mixer and chemical 
method were represented in Figure 2-1. Diffraction patterns of nClay powder and unfilled 
nitrile rubber were also included in the same figure for comparison purposes. A characteristic 
peak on the nClay curve was spotted at 2θ = 3.55°. The peak is associated to the (001) plane 
reflection of the silicate layer aggregates and corresponds to a basal spacing of 24.89 Å. This 
value was found to agree reasonably well with the specifications of the supplier (Khoeini et 
al., 2010). It is worth noting that a second accompanying peak could be observed at 2θ = 
7.15° (12.36 Å). According to the literature, this peak was associated to the diffraction of the 
plan (002) which arises due to some re-aggregation of the nano-platelets (Rajasekar et al., 
2009; Sinha Ray et al., 2002). It should be mentioned that NBR powder is characterized by 
an amorphous structure. The associated XRD pattern would show no peaks (Kader et al., 
2006). Despite this morphology, press-molded specimen exhibited four well-distinguished 
peaks in its XRD curve. The emergence of these reflections may be due to some 
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rearrangement of the polymer chains and, accordingly, the onset of areas of crystallinity in 
the structure of the press-molded sheet. 
 
It was observed that the first peak of each RCN was associated to the nClay dispersed in the 
NBR material. All three peaks were observed to be shifted toward lower angles compared to 
that of the nClay powder. This clearly indicated the intercalation of NBR macromolecules 
between the nanoparticles platelets. Peaks positions of the (001) plane scattering and the 
associated basal spacing for the nClay and the nanocomposites prepared by the internal mixer 
and by solution were presented in Tableau 2-2. The d-spacing increased with about 5.5 Å. As 
a side note, a small difference could be noticed in the peaks related to both described 
processing techniques. The difference barely reached 0.1° and it revealed that the chemical 
processing method slightly improved intercalation over mixing technique. For the extruded 
sample, the peak related to the (001) plane was located at 2.85° corresponding to a d-spacing 
of 31 Å. Here again, intercalation could be deduced from the growth of the interlayer 
spacing. However, it should be mentioned that this increase is slightly higher than that of the 
two other described techniques. 
 
 
Figure 2-1. X-ray diffraction patterns of nClay in powder, pure NBR and two RCN/1-5% 
of nClay processed by mixer and chemical method 

















Tableau 2-2. Peaks positions of the (001) plane reflexions and the associated basal 
spacing for the nClay and the nanocomposites prepared by the extruder, by the internal 
mixer and by solution 
 2θ (deg) d(001) (Å) 
nClay 3.55 24.89 
RCN/1-5% Mixer 3.00 29.45 
RCN/1-5% Solution 2.90 30.46 
RCN/1-5% Extruder 2.85 31.00 
 
Since the extruded sample exhibited the highest extent of intercalation according to XRD 
results, its morphology was analyzed through transmission electron microscope observation. 
Figure 2-2 presents a TEM micrograph of an extruded RCN sample. The dark lines represent 
the silicate layers embedded within the polymeric network appearing as a bright domain. It 
can be seen that the state of dispersion of the nClays within the rubbery matrix exhibits a 
bimodal structure. In fact, the presence of layered silicate stacks (encircled in the figure) 
along with few single-detached platelets (pointed with arrows) is suggesting the co-existence 




Figure 2-2. Transmission electron micrograph of 
layered silicates reinforced nitrile rubber processed by 
extrusion 
 
Along with the intercalation and the state of dispersion, alignment and orientation of the 
nClay platelets play a major role in tuning barrier properties in nanocomposite systems. Clay 
nanoparticle sheets are three dimensional and are usually randomly oriented in the bulk of the 
nanocomposite matrix. With some processing techniques, shear stress could be applied 
during the elaboration process and, according to studies (Domenech, Peuvrel-Disdier et 
Vergnes, 2013; Koo et al., 2005; Treece et Oberhauser, 2007), the nano-layers could then 
align in a direction parallel to the membrane’s surface along the flow axis. A possible 
orientation of the nClay layers within the nanocomposite structure was investigated using 
small-angle X-ray scattering technique through probing the interlayer space of the nanoclays. 
 
SAXS patterns associated with samples from both techniques, internal mixer and extruder, 
were compared in Figure 2-3. The 2D scattering spectrogram of the first technique (Figure 
2-3 (a)) exhibited well defined concentric circles around the primary incident beam. The 
delimited rings in the figure, which are formed of dark dots, correspond to the diffraction 
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interval of 2θ ranging from 2.4° to 3.5°. This diffraction range is characteristic of the 
previously described intercalated nanocomposite peaks. These blob-like nearly isotropic 
patterns of scattering are indicative of a roughly random orientation of the nClay platelets 
within the RCN structure (Wang et al., 2007). 
 
The lamellar phase morphology for the extruded samples was shown in Figure 2-3 (b) and 
(c). The associated 2D patterns revealed a lack of diffracted intensity at both sides of the 
central spot. This anisotropic azimuthal angular dependence of the scattering intensities is a 
signature of a preferred orientation parallel to the planar direction (Kamal et al., 2012; 
Kiersnowski, Gutmann et Pigłowski, 2007). This finding is strongly dependent on the 
processing technique. In fact, the extruder is designed in such a way that only a close fit is 
maintained between the internal surface of the barrel and the external surface of the screws. 
As these screws rotate, the processed mixture is subjected to a high shear force and is 
conveyed to the end of the barrel in a spiral fashion. As a result, the compound reaches the 
die segment with randomly distributed and arbitrary oriented nanoclays within the 
elastomeric matrix. At this point, the flowing mixture passes through the screws segment at a 
high temperature and hits the die zone with a significant velocity. Furthermore, the narrowly 
converging design of the flat die inlet results in an additional shear stress applied to the bulk 
mass. These forces contribute to a partial alignment of the nanoclay platelets parallel to the 





Figure 2-3. Two-dimensional SAXS Patterns (a) of a mixed RCN specimen, (b) of an 
extruded RCN at the center of the specimen, (c) of an extruded RCN at its surface 
 
For further inspection, orientation profile of the nano-platelets could be anisotropic along the 
thickness of the extruded specimen due to the concentration of the applied shear stress at the 
surface of the extrudate. Were then examined the diffractions of an extruded RCN at the 
center (Figure 2-3 (b)) and at the surface (Figure 2-3 (c)) of the sample. By examining the 
described SAXS patterns (see the enlarged areas at the up-right corners of the figures), it was 




surface of the specimen when compared to the one at the center. This orientation profile 
along the thickness of an extruded sample was schematically illustrated in Figure 2-4. 
 
 
Figure 2-4. Schematic diagram of the flat die associated with the extruder and illustration 
of the alignment profile of the clay nanoparticles along the thickness of the extrudate 
 
For the sake of quantitative assessment of the nClay alignment, two-dimensional SAXS 
diffractions were firstly plotted over the azimuthal angle (φ) as seen in Figure 2-5. The 
resulted intensity was then integrated over φ to determine the Bragg scattering intensity (I) as 
a function of the diffraction angle 2θ. As mentioned before, the study was conducted along a 
diffraction angle interval ranging from 2.4° to 3.5°, which matches with the main diffraction 




Figure 2-5. Plots of the diffraction intensities of the three 2D-SAXS patterns over the 
azimuthal angle 
 
In the next step, order factors of the nanoparticles were estimated. The 2D SAXS patterns 
were subdivided into four equal quadrants, as pictured in Figure 2-3 (a). A particular area 
was then distinguished; the total integrated intensities over the φ angles from -45° (or 315°) 
to 45° then from 135° to 225° were denoted as the equatorial intensities zone (Ieq). In order to 
probe the alignment along the thickness of an extruded sample, the SAXS diffraction pattern 
of the RCN prepared in the internal mixer stood for a reference. Hence, the order factor was 
defined by: 
 
 ݂ = (ܫ௘௤௠௜௫௘௥ − ܫ௘௤௘௫௧௥௨ௗ௘௥) ܫ௘௤௠௜௫௘௥ൗ  (2.4) 
 
Where Iୣ୯୫୧୶ୣ୰ and Iୣ୯ୣ୶୲୰୳ୢୣ୰ correspond to the Ieq of a mixed and an extruded specimen, 
respectively. According to this relation, an isotropic diffraction has an orientation factor 
equal to zero. In addition, the more alignment we have in the extruded samples, the lower the 
intensity Iୣ୯ୣ୶୲୰୳ୢୣ୰ and the closer we get this factor to unity. Based on intensity data from 
Figure 2-5, alignment factors of an extruded membrane at the center and at its surface are 










Finally, and as a side note, it is worth mentioning that even at the surface of the extruded 
sample, nClay platelets were partially, and not totally, aligned. In fact, a specimen with 
perfectly aligned nanoparticles would exhibit a scattering feature with sharp diffraction spots 
along the direction perpendicular to the surface of the nClay layers (Schnablegger et 
Yashveer). 
 
2.5.2 Sorption kinetics and mass transfer phenomena 
2.5.2.1 Mass uptake in RCN/methanol systems 
In order to examine the effect of nanocomposite processing technique on mass transfer of the 
solvent through the material, relative mass uptake data were plotted as a function of time. In 
Figure 2-6, percentage increases in the mass of RCN at 5% of nClay prepared by the three 
processing methods were plotted as a function of exposure time in methanol. Curve of mass 
uptake of pure NBR was also presented in the same plot to assess the nClay effect on 
chemical resistance. The average standard deviation of these measurements was less than 
2.8%. It is worth noting that all curves exhibit similar behavior. Initially, the swelling rate 
starts at a high level. This is due to the large concentration gradient of the penetrant on the 
surface of the material at first exposure; the polymer sample was sustained to intense solvent 
stress. Then, the swelling rate decreases proportionally to the decreases of the concentration 
gradient until equilibrium for which no more solvent was absorbed over immersion. 
Moreover, mass uptake is similar until approximately 10 hours of immersion. However, pure 
NBR exhibits the highest amount of equilibrium mass per cent uptake (S) over all RCN 
samples. In fact, pure NBR attained saturation at (44.2 ± 2.2) % while this state markedly 
reduced and reached (31.6 ± 2.4) %, (29.9 ± 2.0) % and (27.1 ± 2.3) % with mixed, 
chemically casted and extruded samples respectively. This result clearly indicates that the 
presence of silicate nano-layers dispersed in the rubbery matrix reduces the chemical 
permeability in the sheet of the nanocomposite. In addition, a decrease of the solubility is 
expected in the nanocomposite due to the reduced polymer matrix volume. As a matter of 
fact, a dispersion of the nanoparticles decreases the rate of transport by increasing the 
average path length required to transport the penetrant solvent. Hence, the platelets act as 
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impermeable barriers to the diffusing molecules, forcing them to follow longer and more 
tortuous paths in order to diffuse through the nanocomposite (Bharadwaj, 2001). 
 
 
Figure 2-6. Effect of processing technique: Sorption plot of 
pure NBR and RCN/1-5% in methanol 
 
It is also noteworthy that the enhancement of barrier properties of NBR nanocomposites 
formed by the extrusion-blending process presented in this study is more noticeable than that 
found in NBR nanocomposites obtained by the mixing or chemical-blending process. A point 
of fact is that the tortuosity is the highest when the nano-platelets are aligned perpendicular 
to the diffusion direction. 
 
As analytically modeled by Nielsen (Choudalakis et Gotsis, 2009a), the 
nanocomposite/matrix permeability ratio expression of a non-uniform nanoparticles 





= 1 − ߶
































Where, ϕ is the volume fraction of the nanoparticles, α is their aspect ratio (length/width) and 
β is an order parameter to quantify the degree of their orientation around the diffusion 
direction (Choudalakis et Gotsis, 2009a): 
 
 ߚ = (3 cos߆ − 1) 2⁄  (2.6) 
 
Where, Θ is the angle between the diffusion direction and the unit vector normal to the 
surface of a platelet. Obviously, the greatest reduction of the permeability is achieved when β 
=1 for which the nano-platelets are oriented perpendicularly to the membrane's thickness. 
This result is in accordance with the morphology analysis of the extruder-blended 
nanocomposite presented in the previous section. Therefore, the permeability is controlled by 
the microstructure of the nanocomposite and the behavior of the fillers within  
the rubbery matrix. 
 
Within the range of experimental error, equilibrium mass percent uptake of chemical-
blending specimen seems to be slightly inferior to that of the mixed one. This difference can 
be explained by the fact that layered silicates were somewhat more intercalated in the 
chemically processed nanocomposite. Indeed, at the first phase of preparation, nClay were 
dispersed in acetone along with NBR powder. From literature, the nano-platelets swell during 
prolonged exposure to acetone. This interaction creates larger galleries for polymer chains 
intercalation and therefore more filler/matrix contact surface which affected permeability 
(Pavlidou et Papaspyrides, 2008). The same conclusion could be confirmed from X-ray 
diffraction patterns. In fact, only a slight difference was spotted in the peaks related to both 
processing techniques (0.1°) at low 2θ angles. 
 
2.5.2.2 Kinetic parameters of mass transfer 
Processing parameters are related to the rate of stress applied to the synthesized compound. 
Variation of this constraint would affect the dispersion state of the nanoparticles in the 
polymeric matrix and could modify the morphology of the resulted nanocomposite (Sadhu et 
Bhowmick, 2004; Yang et Ozisik, 2006). In what follows, were investigated the effects of 
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shear stress (torque) rate and residence time in an internal mixer on RCN material filled with 
5% of nClay. It is interesting to mention that although extrusion had shown better results in 
improving the barrier properties of the material, the mixing parameters were chosen to be 
examined given the importance of this technique in the field of rubber  
nanocomposites processing. 
 
Figure 2-7 and Tableau 2-3 depicted the response of the kinetic parameters of mass transport 
D, S and P to the variation of the described parameters. In Figure 2-7 (a) it was noticed that 
the diffusion coefficient of the methanol/RCN system decreased with increasing the torque. 
The diminishing continues until reaching a state of equilibrium at around (9.76 ± 0.35) × 10-9 
cm2.s-1 for 95 N.m. At this rate, the maximum achievable nClay dispersion was thought to be 
reached and a critical morphology was established. Besides, 155 N.m matches with 210 g 
compound load, which fills 75% of the mixer’s chamber and the maximum allowed load. As 
disclosed in Tableau 2-3, torque had no significant effect on equilibrium mass percent uptake 
and permeability coefficient varies proportionally with D. 
 
Figure 2-7 (b) showed that the diffusion coefficient decreases continuously with the 
increasing of the residence time of mixing. D ranged from (9.94 ± 0.42) × 10-9 to (6.62 ± 
0.60) × 10-9 cm2.s-1 in an interval of time of 20 min. The residence time limit was set at 25 
min because the temperature inside the mixer was spotted to rise over time and at 30 min the 
nanocomposite started degradation. As reported from the literature, longer residence time at a 
steady level shear stress is likely to promote nano-platelets delamination and improve 
nanoparticle dispersion (Varghese, Karger-Kocsis et Gatos, 2003). Similarly to the torque 
effect, the extent at which the nClay was distributed in the polymer matrix enhanced the 




Figure 2-7. Effect of (a) torque in mixer and (b) mixing time on diffusion coefficient of 
methanol in RCN/1-5% 
 
Tableau 2-3. Effect of mixing time and torque on the kinetic parameters of mass 
transport of methanol-RCN/1-5% system 
 S (%) P (cm2·s-1×10-9) 
25 N.m 29.7 410 
50 N.m 30.1 315 
95 N.m 31.9 312 
155 N.m 29.7 295 
5 min 29.7 295 
15 min 31.6 289 


























D (cm2·s-1×10-9)(a) (b) 
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2.6 Conclusions 
NBR/nClay nanocomposite materials at 5% of nanoparticles were prepared using three of the 
most commonly used techniques for polymer compounds processing: Mixing in an internal 
mixer, chemical casting and extrusion with twin screw extruder. Mass uptake experiments 
indicate a chemical resistance improvement over the addition of the nano-fillers. More 
pronounced enhancement was spotted with the extruded material which was believed to be 
caused by nanoparticle arrangement in a preferred pattern. Nano-platelet orientation in the 
flow direction was then confirmed by SAXS analysis. In addition, it was observed that nClay 
follow an anisotropic orientation profile along the thickness of an extruder RCN. Apart from 
that, nanocomposites were produced at three mixing times and subjected to four different 
shear stresses. Kinetic parameters of the chemical transfer through the nanocomposite were 
demonstrated to be affected by mixing conditions. Diffusion and permeation coefficients 
were spotted to decrease with increasing torque and residence time. The dispersion was 
improved but total delamination was far from being achieved. Advanced techniques such as 
the addition of suitable compatibilizers would enhance exfoliation. 
 
Préface du chapitre 3 : 
 
L’objectif du chapitre suivant est d’optimiser la morphologie des nanocomposite 
NBR/nanoargile. Il fait l’objet de l’article 02. Le but consiste à appliquer des modifications 
chimiques sur la structure de la matrice ainsi que sur la surfaces des lamelles nanoargiles afin 
d’améliorer leur compatibilité. Des analyses spectroscopiques et des observations 
microscopiques sont combinées afin d’évaluer l’étendue de la dispersion des nanoargiles 
dans la structure, le niveau de leur exfolation. La diffraction aux rayons X est aussi utilisée 
pour examiner l’orientation des lamelles dans la membrane. 
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3.1 Abstract 
Dispersion and orientation of clay nanoparticles embedded in nitrile-based nanocomposites 
were examined in the current study. Nanocomposites were prepared with both chemical 
casting and melt compounding techniques. Three different clay nanoparticles were used in 
order to assess the effect of their surface treatments on the morphology of the material. 
Maleic anhydride was grafted on nitrile structure for the purpose of enhancing compatibility 
and the corresponding nanocomposites were investigated. The study started with a 
thermogravimetric analysis to obtain information about the degradation behavior of the 
received nanoparticles and their thermal stability in the nanocomposites during processing. 
Results showed that the organic modifier was capable of holding their integrity under 
processing conditions. A Fourier-transform infrared spectroscopy was then performed to 
validate the grafting of maleic anhydride on the rubbery structure. Associated spectra 
revealed that the said monomer was effectively anchored and possible location of the grafting 
has been also identified. The state of dispersion of the layered silicates in the matrix was 
discussed at different levels. First, the extent of intercalation within the nanocomposites was 
probed with X-ray diffraction technique. Grafting of maleic anhydride seemed to have a 
pronounced effect leading the structure to a near-exfoliation state. Effect of the processing 
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technique was barely noticeable. Second, the state of distribution of layered silicate clusters 
in the nanocomposite was sensed with an energy-dispersive X-ray spectrometer coupled to a 
scanning electron microscope. Again, maleic anhydride provided a reduction in the size of 
the agglomerations and enhanced the homogeneity of the system. Finally, the intercalation 
and delamination of the layered silicates over grafting were validated by transmission 
electron microscopy. Inter-lamellar spacing was found to perfectly correlate with X-ray data. 
After grafting, several dispersions of separated monolayers have been witnessed. On the 
other hand, the alignment of the clay nanoparticles was examined by small angle X-ray 
scattering. A 3D-orientation approach was built based on the scattering stereographs. 
Orientation was found to be at its best with nanocomposites processed with melt 
compounding and subjected to fast cooling. 
 
Keywords: Nitrile rubber; layered silicate nanoparticles; maleic anhydride; rubber/clay 
nanocomposite; exfoliation and orientation. 
 
3.2 Introduction 
Polymer/nano-fillers nanocomposites have drawn considerable attention for both industrial 
and scientific applications due to their unique capabilities to exhibit enhanced characteristics 
and value-added qualities over the unfilled virgin polymers (Kotal et Bhowmick, 2015; Ray 
et Okamoto, 2003). Their synergistic properties were of concern to substantial material 
characteristics such as enhancing barrier properties (Tan et Thomas, 2016), increasing 
mechanical moduli (Azeez et al., 2013) and improving flame retardancy (Morgan, 2006). Out 
of all the tested nano-fillers for their reinforcing ability, clay nanoparticles have gained 
momentum due to their availability, low cost, intrinsic anisotropy and the impressive 
capability to tune polymer properties at considerably low loading concentrations. Nano-clays 
(nClays) belong to the class of the layered mineral materials and were termed as stacks of 
silicate sheets (nano-platelets) of around 1 nm thick and up to several microns of lateral 
dimension. The piling of nano-platelets were held together by Van Der Waals forces caused 
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by the negative surface charges, leading to the appearing of interlayer gaps (galleries) of 
about 1 nm (Ray, 2013). 
 
Up to nowadays, chemical casting and melt compounding are considered among the most 
efficient techniques to process nanocomposites (Thomas et Stephen, 2010; Wang et al., 
2000). However, physically mixing a polymer with layered silicates nanoparticles may not 
lead systematically to a nanocomposite. The presence of nClays as agglomerated tactoids 
form or clusters of layers within the matrix would provide poor reinforcing ability making it 
comparable to the conventional microcomposites. The key factor to achieve a successful 
nanocomposite is to obtain homogeneous dispersion and good distribution of separated 
individual layers in the polymeric matrix. Given their high aspect ratio, monolayers could 
provide a large active surface area even at low amounts of loading. It was found, however, 
that reaching a complete separation of the nano-platelets is a quite challenging task because 
of the interlayer ionic bonds. Moreover, the difference in polarity in the nClays/polymer 
system implies weak interfacial interaction rendering complete dispersion more  
difficult (Vaia et al., 1996). 
 
In order to enhance the affinity between the nanoclays and the polymeric matrix, naturally 
hydrophilic silicate surface could be converted to organophilic by implementing organic 
cations on the surface of the layers (Kim, Oh et Lee, 2004). Adding reactive functional 
groups to the organic modifier was found in many works to further enhance the compatibility 
in the nanocomposite system (Kim et White, 2005). It was seen in some studies that chemical 
modification by including functional moieties could be applied from the polymeric side, 
either. Polar molecules, such as maleic anhydride, grafted onto the polymeric backbone were 
found to lower the interfacial energy and improve the wetting properties of the system 
(Hasegawa et al., 1998; Hasegawa et Usuki, 2004). Chemical affinity causes the infiltration 
of polymeric macromolecules into the nClays host galleries leading to an increase in the 
interlayer spacing. On this basis and depending on the strength of interfacial interactions, 
intercalated nanoclays could be obtained. Appropriate processing parameters along with a 
proper chemical tailoring could lead the nanocomposite to a high level of dispersion and a 
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state of near exfoliation (Lertwimolnun et Vergnes, 2005). Further, some authors highlighted 
a particularly attractive design involving the preferred alignment of the layered silicates in 
the material. Nano-platelets orientation was found to provide rigidity, stiffness, and bi-
dimensional stability to the polymer (Kim et al., 2001). The orientation factor cannot be 
discussed without referring to its tremendous effect reported on barrier properties (Osman, 
Mittal et Lusti, 2004). 
 
For what was introduced, a great interest was allocated to nanocomposites based on 
thermoplastic polymers. Morphological studies, as well as investigation of their industrial 
properties, have been examined thoroughly. However, except for some studies that have been 
conducted in the field of rubber/nanoclay systems (Hwang, Wei et Wu, 2004; Sadhu et 
Bhowmick, 2004), few attempts have been undertaken to understand the morphology of 
elastomeric nanocomposites. Until date, little has been said about the dispersion on nClays in 
rubbery matrices. In addition, the existing papers this topic suggested that exhaustive work is 
needed to provide a good understanding of the elastomeric nanocomposites structure. 
 
The present article was meant to establish a state of understanding about the dispersion and 
the alignment of layered silicate within their associated nanocomposites. The effect of 
organic modification of the nanoparticles and the maleic anhydride grafting of the rubber 
were depicted through cross-checking of various characterization techniques. 
 
3.3 Reagents and materials 
Acrylonitrile-butadiene rubber (NBR) was selected as an elastomeric matrix for the 
investigated nanocomposite materials in this study. Powdered NBR containing 34% 
acrylonitrile under the trade name of Baymod N34.52 was kindly provided by Matexion, ON, 
Canada. The nitrile was denoted by a Mooney viscosity of 45±5 at 100°C and a specific 
gravity of 0.98. Acetone for samples dissolution in chemical casting procedure was of ACS 
grade and was purchased from Fisher Scientific. Maleic anhydride (MA) and benzoyl 
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peroxide (BPO) were both acquired from Aldrich Chemical. BPO, with purity level over 
98%, was used as an initiator for the grafting of MA onto the nitrile rubber. 
 
Three commercial grades of clay nanoparticles were chosen for this study and were 
purchased from Sigma-Aldrich. The nClays were labeled nClay/0 for the unmodified 
nanoparticles. nClay/1 and nClay/2 referred to two different chemical modifications applied 
to the surface of the nano-platelets. nClay/0 is a natural inorganic sodium montmorillonite 
(Na+MMT) with a chemical formula (Na, Ca)0.33(Al, Mg)2(Si4O10)(OH)2.nH2O. nClay/1 is 
montmorillonite clay chemically modified with about 35 to 45 wt% dimethyl dialkyl (C14-
C18) amine. nClay/2 is also a natural montmorillonite modified with 30 wt% methyl 
hydroxyethyl tallow (T) ammonium. The tallow structure is ~65% C18, ~30% C16, and ~5% 
C14. The organoclays were investigated to assess the effects of surface modification 
structures on the dispersion of the nClay platelets in the elastomeric matrix. Figure 3-1 
showed the chemical structures of the amine surfactants that were exchanged for the sodium 
ion of native montmorillonite clay and used to form the organoclays nClay/1 and nClay/2. 
 
  
Figure 3-1. Molecular structure and nomenclature of the alkyl ammoniums used to form 
the organically modify sodium montmorillonite (a) nClay/1 and (b) nClay/2 
 
3.4 Experimental 
3.4.1 Nanocomposites preparation 
Nanocomposites based on nitrile rubber and containing the three described clay nanoparticles 
were prepared. The concentration of the filler was held constant at 5% for all the samples. 
Different processing techniques were adopted in order to obtain an optimal configuration of 
(a) (b) 
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the nClays dispersion. It is worth noting that prior to every preparation; all powders were 
oven-dried at 65 °C for 24 h. 
 
3.4.1.1 Solution mixing 
Rubber/clay nanocomposites were synthesized by a solution-intercalation casting method. 
NBR powder was dissolved in acetone at 60°C. The ratio of the rubber to solvent was 2:5, 
weight/volume. The solution was continuously stirred at 700 rpm for 20 hours until the 
complete dissolution in the solvent. On the other hand, 5 parts per hundred of rubber of the 
nClay powder was added under constant stirring and dispersed in acetone at 1:30 
weight/volume ratio and in the same stirring and temperature conditions for 20 hours. Prior 
to rubber/nanoparticles solutions mixing, the nClay solution was ultra-sonicated using a 
UIP1000hd ultra-sonic processor (Hielscher ultrasound tech) for 30 minutes at 60°C. Ultra-
sonication frequency was set at 20 kHz to ensure better delamination of the nClay platelets 
and a standard 0.5 in diameter flat horn tip was used. Subsequently, both solutions were 
mixed together and stirred with a high shear hydrodynamic dispersion process for an 
additional 30 min at 6000 rpm. The resultant solution was then cast over in a thoroughly 
cleaned sheet of Teflon to avoid sticking issues. The sample was kept in ambient condition 
under a ventilated hood until the evaporation of most of the solvent. The obtained film was 
then vacuum-dried in the oven for 24h at 60-70°C for a complete drive out  
of residual acetone. 
 
3.4.1.2 Melt processing 
In order to guarantee a better distribution, the prescribed amounts of nClays were premixed 
by shaking with the rubber in a sealed glass container. Melt processing is then conducted in 
two steps. The powdered compound was melt-mixed in a Brabender mixer equipped with 
twin roller blades (Rheomix OS). For all samples, mixing was conducted at 135°C for a 
residence time of 5 min. Compounding speed was set at 100 rpm. The resulting mixture has 
been retrieved from the mixing chamber, cooled at room temperature then pelletized in a 
grinder for the next processing step. The obtained pellets were extruded using a Haake 
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Polylab OS – RheoDrive 4 co-rotating twin screw extruder (Rheomex OS PTW16). The 
rotation speed was set at 100 rpm. The barrel and the flat-die temperature profile ranged  
from 150° to 160°C. 
 
3.4.1.3 Preparation of maleated nanocomposites 
The preparation of maleated nanocomposite rubber was carried out in two stages; grafted 
nitrile rubber was firstly prepared by grafting NBR with maleic anhydride in the presence of 
benzoyl peroxide in a Brabender mixer. 1 part per hundred rubber (phr) was pre-mixed with 
nitrile powder for 5 min at 80°C and 100 rpm. 2 phr of MA was then added for an additional 
5 min under the same mixing conditions. The resulting mixture was then extruded in 
accordance with the procedure described in the previous section. 
 
The nomenclature adopted to label the nanocomposites under study was as follows. Each 
nanocomposite was appointed as RCN/xy-5% where x stood for the nature of the nClay (0, 1 
and 2 for nClay/0, nClay/1 and nClay/2 respectively) and y referred to the processing 
technique (1 for solution casting and 2 for melt processing). The same terminology was used 
for the maleated sample with an extra g letter referring for grafting (RCNg/xy-5%). One of 
the prepared nanocomposites was quenched with liquid nitrogen right after extrusion. For the 
quenched sample, a letter q was used (RCNq/xy-5%). 
 
Afterward, all compounds were press-molded in the form of sheets of 125 × 125 × 2 mm at 
150°C under 10 MPa pressure using the hydraulic press in accordance with D3187-06 ASTM 
standard (Standard Test Methods for Rubber-Evaluation of NBR (Acrylonitrile-Butadiene 
Rubber) - D3187-06, 2016). Curing time was defined by the rheological data obtained from 
MCR 501 Anton Paar rheometer. The compressed sheets were used in what follows for 
morphological characterization. More details about processing parameters can be consulted 
in our previous works (Zemzem, Vinches et Hallé, 2019a). 
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3.4.2 Nanocomposites structural characterization methods 
3.4.2.1 Thermal behavior analysis 
The thermal degradation characteristics of the three studied clay nanoparticles and their 
corresponding nanocomposites were conducted using a Pyris Diamond thermogravimetric 
analyzer. A ceramic pan containing about 10 mg of the investigated material was used. The 
weight loss of the samples against temperature was measured at a heating rate of 20°C per 
minute. The experiment started with an isothermal plateau at 50°C for 3 min then heating 
was ranged from 50 to 700°C. 
 
3.4.2.2 Fourier transform IR spectroscopy analysis 
The infrared (IR) spectra were recorded on a Perkin-Elmer FTIR-ATR Spectrometer from 
4000 to 400 cm-1 with an averaging of 5 scans and at a resolution of 1 cm-1. For the analysis 
of the as-received powdered clay nanoparticles, 100 to 200 mg samples were disc-shaped 
using a hand-held press for 5 seconds at room temperature. On the other side, grafted and 
non-grafted nanocomposite samples were processed in a 1 mm thick film by hot pressing. 
 
3.4.2.3 X-ray diffraction experiments 
The morphology properties of the nanoparticles, as well as the synthesized rubber 
nanocomposites, were investigated at room temperature by an X-ray diffractometer (XRD - 
Philips PANalytical X’pert PRO). The layered silicate galleries basal spacing (d-spacing) 
was monitored using a nickel-filtered CuKα radiation at a generator voltage of 45 kV and a 
wavelength of λ=1.541 Å. The diffraction curves were obtained within the range of scattering 
angles (2θ) of 2.5-10° and at a scan rate of 1°.min-1. The d-spacing was calculated according 
to Bragg’s equation. 
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3.4.2.4 Scanning electron microscopy and energy dispersive X-ray  
spectroscopy studies 
Agglomerations and clusters of clay nanoparticles could be fairly detectable with ultra-high 
resolution scanning electron microscopy (UHR-SEM). Observations were conducted using a 
Hitachi SU-8230 SEM using an accelerating voltage of 5 kV. Cross-sections of 1 mm-thick 
nanocomposites films were observed. Samples were microtomed by a Leica (RM2235) cryo-
microtome at -100°C using a tungsten knife then coated with 2 nm-thick platinum layer. 
 
Given the capability of the electron microscope to detect nanoclay clusters down to a few 
tens of nanometers, energy dispersive X-ray (EDX) module coupled to the UHR-SEM was 
adopted to detect characteristic chemical elements of the nanoclays. Therefore, EDX 
technique was employed to establish a statistical study about the look of the cluster’s size 
distribution as a function of the nanocomposite composition as well as the nClays nature. 
Measurements were acquired in bi-dimensional mapping mode at a count rate of 100 kcps 
and for a scan time of 120 seconds. Size distribution assessment was based on meaning data 
collected from five different spots for each specimen. The analysis was made at a working 
distance of around 15 mm and with a magnification of 5K for each one of the spots. The 
count of the agglomerations and the evaluation of their area for size distribution calculations 
were established in post-treatment using ImageJ software. 
 
3.4.2.5 Transmission electron microscopy observations 
Further inspection of the state of dispersion of the nClays platelets in the elastomeric matrix 
comes from transmission electron microscopy analysis. Observations were carried out 
meaning an FEI Tecnai G2 F20 TEM equipped with a Gatan Ultrascan 4000 4k × 4k CCD 
Camera System Model 895 EDAX Octane T Ultra W /Apollo XLT2 SDD and TEAM EDS 
Analysis System operating at 200 kV. Samples as thin as 50-100 nm were cut from the cross-
section of nanocomposite films at –120°C using a Leica Microsystems UC7/FC7 cryo-
ultramicrotome equipped with a diamond knife. Fractured sections were transferred from the 
knife edge onto coated 200-mesh copper grids. 
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3.4.2.6 Small angle X-ray scattering measurements 
In order to investigate nClay orientation in the nanocomposite material, Small angle X-ray 
diffraction experiments (SAXS) were conducted. A Bruker Nanostar diffractometer was 
adopted with a pinhole geometry camera using a 2D wire detector at 28 cm of distance 
between the sample and the detector. Further, a representation of the 3D orientation of the 
nClays platelets was constructed based on 2D SAXS patterns token from the three Cartesian 
directions of a 1 mm cubic sample with respect to the incident X-ray beam. 
 
3.5 Results and discussions 
3.5.1 Thermogravimetric analysis of the thermal stability 
The dispersion characteristics of clay nanoparticles in the elastomeric matrix depend 
critically on the interfacial interaction between the filler and the host polymeric chains 
(Galimberti, 2011; Thomas et Stephen, 2010). For modified nClays, termed organoclays, 
these interactions are established through organic alkyl ammonium surfactants. On the other 
hand, the melt processing of elastomeric nanocomposites involves using relatively high 
temperatures. Since the long-chain aliphatic hydrocarbon-based cations used for organoclays 
surface treatment are known for their poor thermal stability (Cui et al., 2008), investigating 
the thermal degradation of the fillers, as well as their associated nanocomposites, is of 
concern. In fact, thermal degradation of the organic surfactants potentially affects the 
fillers/matrix interfacial bonding and thus the state of exfoliation of the nano-platelets. In 
addition, the decomposed residues resulting from the thermal degradation could possibly 
engage non-desired side reactions influencing the physical properties of the nanocomposites 
(Shah et Paul, 2006; Xie et al., 2001; Zanetti, Bracco et Costa, 2004). Thermogravimetric 
analyses were conducted to throw some light on the thermal stability of the nClays within the 
polymeric matrix after being subjected to melt processing conditions. 
 
Degradation experiments were firstly applied to the three investigated powdered nClays as 
received from the supplier. Figure 3-2 showed, for the untreated and the two modified clay 
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nanoparticles, curves of weight loss over temperature (TG) at a steady heating rate as well as 
their associated differential curves (DTG). 
 
Starting with nClay/0, degradation behavior over heating could be divided into two separated 
parts. Those parts were well defined by a peak in the 100-250°C interval and another one at 
around 500-700°C interval in the DTG curve. It is worth to note that sodium 
montmorillonites are hydrophilic minerals and usually contain considerable amounts of water 
trapped inside their silicate galleries. Water molecules adsorption in the inter-lamellar space 
is mainly driven by the hydration mechanism of the exchangeable cations (Na+) located on 
the inner surfaces of the nClay layers. Small and very mobile water molecules are positioned 
around the alkali metal ion forming a spherical shell in which H2O/Na+ ratio is between 3 and 
4 (Hensen et Smit, 2002). Smaller amounts are attracted to the inter-lamellar voids through 
the establishment of hydrogen bonds between the water hydrogen atoms and the oxygen 
atoms located on the external tetrahedral sheets of the montmorillonite layers (Hatch et al., 
2012; Hensen et Smit, 2002). When subjected to increasing temperatures, the interlayer water 
was gradually abstracted from the nClays galleries until reaching around 250°C as portrayed 
in Figure 3-2. Indeed, it was shown with X-ray that interlayer spacing decreased by about 5-6 
Å when reaching this level of temperature (Xie et al., 2001). The second peak located at the 
range of 500-700°C was most likely caused by the elimination of the structural water 
(Cervantes-Uc et al., 2007; Ray, 2013; Xie et al., 2001). In fact, considering the crystalline 
structure of a given montmorillonite layers, four hydroxyl groups per unit cell are covalently 
bonded to the edges of the octahedral and the tetrahedral ions. The signal appearing in the 
[500, 700°C] interval is attributed to the dehydration of the structural OH groups  
(Cervantes-Uc et al., 2007). 
 
Regarding organoclays nClay/1 and nClay/2, a small signal could be detected around 100°C 
suggesting the disappearance of the free water located in the external surfaces lamellar 
structures and between the tactoids voids (Cervantes-Uc et al., 2007; Xie et al., 2001). The 
weakness of the signal was interpreted by the absence of interlayer water in the organically 
modified clay nanoparticles. As previously described for untreated nClay, peaks appearing in 
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the temperatures ranging from 500 to 700°C for both organoclays were most likely caused by 
the dehydration reactions of the structural hydroxyl groups (Cervantes-Uc et al., 2007; Ray, 
2013). More importantly, the most noticeable difference in the thermal behavior between the 
organoclays and the untreated montmorillonite was recorded between 200 and 500°C. Strong 
derivative weight loss peaks appearing in this range were typically caused by the thermal 
decomposition reactions of the alkyl ammonium salts used for the organic treatment. It is 
suggested that the decomposition of the organic constituents incepts at around 200°C starting 
with the smaller molecules (Pramoda et al., 2003; Saad, Elhamid et Elmenyawy, 2011). As 
expected, the resulting spectrum for nClay/2 sample differs notoriously from the one 
obtained for nClay/1 organoclay due to the presence of these OH groups. It is worth noting 
that the observed difference in the intensity of the peaks in the DTG curves was relative to 
the increase of the surfactant concentration in the nanoparticle (35–45 wt% for nClay/1 
versus 20-30 wt% for nClay/2) (Osman et al., 2016). Further analysis of the organic 
surfactants degradation could be established through analysis of Gram–Schmidt plots which 
provide structural information about evolved gaseous decomposition products using TGA 
coupled with Fourier transform infrared spectrometer. 
 
The main reason for investigating the organic surfactant degradation is that it has some 
drawbacks of the thermal stability of the overall nanocomposite. First of all, decomposition 
of the organic treatment during melt processing can result in a de-intercalation of the 
polymeric chains from the nClays galleries. In addition, residues from the surfactant 
decomposition, positioned within the galleries, may provoke an early ignition process in the 
nanocomposite and cause a premature degradation of the system (Ray, 2013; Zanetti, Bracco 





Figure 3-2. Thermal degradation of nClay/0, nClay/1 and 
nClay2 represented by (a) weight loss of material as a 
function of the temperature plots and (b) the corresponding 
derivative curves 
 
Figure 3-3 (a) shows the percentage of weight loss curves obtained at a heating rate of 20°C 
per min for pure NBR as well as the corresponding nanocomposites RCN/0, RCN/1 and 
RCN/2. The initial degradation temperature (Ti), corresponding to 95% of weight loss, of the 
RCN/1 occurred at a lower temperature (386°C) as compared to the pure NBR (400°C). This 
could probably due to the degradation of the organic surfactant. The dimethyl dialkyl (C14–





















































degradation process (Leszczyńska et al., 2007; Osman et al., 2016; Wilson et al., 2012). The 
same but less pronounced effect was spotted with RCN/0 and the Ti was reported at 393°C. 
Surprisingly, RCN/2 kept the same Ti as for the pure NBR although it contains organically 




Figure 3-3. (a) TGA thermograms of pure NBR and 
NBR nanocomposites filled with 5% of nClay/0, nClay/1 

































This result highlights a remarkable effect of the chemical nature of the organic compound 
present in the clay on the thermal stability of the nanocomposite. In fact, the literature 
mentioned a “labyrinth” effect that limits oxygen diffusion in the polymer from the outside 
and restrains gases from evolving in the matrix with extending the initial time of degradation 
(Singala, Mungray et Mungray, 2012). 
 
Regarding derivative data in Figure 3-3 (b), the DTG curves illustrate that the pyrolysis of 
NBR takes place in two steps; the curve exhibits a shoulder at around 430°C followed by a 
principal peak at about 470°C. The three associated nanocomposites exhibited similar 
profiles. It is interesting to mention though that the peak rate of degradation of both 
organoclays nanocomposites decreased by about 20 wt%/min compared to the pure rubber. 
Therefore, it could be said that the nClay imparts a temperature barrier due to its unique 
layered structure. 
 
3.5.2 MA grafting assessment with FTIR 
Co-polymerization by chemical modification of existing polymers is considered as one of the 
most efficient and inexpensive routes to design new functional materials endowed with 
improved performances. Notably, the modification can be achieved by free-radical grafting 
reactive monomers onto a given polymer backbone (Al-Malaika, 2012). Maleic anhydride 
was chosen as a grafted monomer for its high double reactivity. From one side, the 
unsaturated double carbon bond serves as a free radical reactive site for the grafting process. 
From the other side and after grafting, MA possesses a functional succinic anhydride group 
that is likely to react with the chemical compounds of the nClays surfaces and enhances the 
delamination of the platelets (Trivedi, 2013). To make possible the free radical grafting 
during melt processing, benzoyl peroxide was used as an initiator. BPO is typified by its 
reactive phenyl and benzoyloxyl radicals that have an outstanding ability to abstract the 
hydrogen atom with respect to the C−H bond of the concerned polymer backbone and ensure 
the grafting of the MA monomer (Pulat et Babayiğit, 2001). 
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Chemical anchoring of the reactive monomer on the NBR backbone can be examined by 
identifying the grafting sites using FT infrared spectroscopy (Sclavons et al., 1996; Sclavons 
et al., 2000). In the beginning, absorptions made by the major bonds in the MA structure 
were depicted. Figure 3-4 showed the FTIR spectrum of row maleic anhydride. The plot 
exhibited well-defined peaks at 1856 cm-1 and 1780 cm-1. Those signals were assigned to the 
asymmetric and symmetric stretching of carbonyl (C=O) groups located at the cyclic 
anhydride, respectively (Sclavons et al., 2005). Asymmetric and symmetric ring stretching of 
the groups (=C−O−C=), unique to the cyclic ethers, were also clearly spotted at 1242 cm-1 
and 1051 cm-1, respectively. From the opposite side of the monomeric structure, a relatively 
broad peak, noticed at around 698 cm-1, was identified as the stretching of the olefinic bond 
(C=C) (Nakason, Kaesaman et Supasanthitikul, 2004). 
 
 
Figure 3-4. FTIR spectrum of maleic anhydride 
 
In order to properly investigate Ma-grafting on the NBR structure, it is mandatory to figure 
out the mechanism of grafting and understand the transformations that the MA monomer 



























anhydride may either occur on the polyacrylonitrile or the poly-butadiene segments of a 
given rubber containing these elements (Rao, Rao et Sreenivasulu, 1999). 
 
Figure 3-5 represents plots of IR spectrum of the rubber/clay nanocomposite grafted with 
MA compared to the spectrum of the Pure NBR. 
 
 
Figure 3-5. FTIR spectra of Pure NBR and NBR-g-MA 
 
First of all, it could be noticed that new absorption peaks at around 1782 and 1857 cm−1 were 
observed. These signals were assigned to the strong symmetric and weak asymmetric 
stretching absorption of the carbonyl group (C=O) characteristic of the cyclic succinic 
anhydride (Yang et al., 2003). Moreover, the grafting of MA is achieved by the creation of a 
free radical in the position of the double carbon bond of the monomer. Indeed, it can be seen 























giving place to (C−C) bond. It should be mentioned, however, that the peak didn’t 
completely disappear which suggested the presence of some unreacted MA present in the 
blend (Nakason, Kaesaman et Supasanthitikul, 2004; Sclavons et al., 2000). The MA was 
thus successfully introduced as a graft onto the rubbery structure. Must be kept in mind that 
relatively weak signal of the peaks is due to the low concentration of MA in the compound 
(2%). For grafting on the acrylonitrile segment of the copolymeric backbone, MA monomer 
would occur by addition on the unsaturated triple bond of the cyano group (C≡N). However, 
by inspecting the FTIR spectrum of the NBR-g-MA and compare it to the NBR signal, no 
decrease was noticed at the absorbance site of the cyano group located at 2230 cm-1 and the 
triple bond was unaffected. This result is suggesting that grafting would rather happen on the 
butadiene part of the backbone. Besides, anchoring of MA in the butadiene region could take 
place either by the formation of a vinylic radical monomer through abstraction and 
substitution of a hydrogen atom from a vinylic position or by an addition of this monomer to 
the carbon double bond as a result of an Ene-reaction (Huang et Sundberg, 1995; Lawson, 
Hergenrother et Matlock, 1990). By examining the IR spectra, it was noticed that the 
absorbance represented by the strong and sharp peak located at 969 cm-1 remained 
unchanged after addition of MA to the rubber. This signal corresponds to the absorbance 
caused by the (C−H) out of plane bending vibrations. Thus, the result reduced the 
probabilities that the monomer could be grafted by substitution of vinylic hydrogen in the 
polybutadiene (PB) segment (Rao, Rao et Sreenivasulu, 1999). On the other hand, a slight 
decrease in intensity was spotted on the absorbance above 820 cm-1. Aforementioned peak 
matches with the vibrations of the carbon double bond (C=C) on the polybutadiene section. 
Therefore, it can be deduced that there are high chances that MA grafting could occur on the 
double bond of the PB (Huang et Sundberg, 1995). 
  
77 
Accordingly, grafting reaction during melt processing would possibly take place according to 
the reaction portrayed in Figure 3-6. 
 
 
Figure 3-6. Possible grafting reaction product of polybutadiene  
and maleic anhydride 
 
3.5.3 X-ray diffraction analysis of the nClay dispersion 
Chemical treatment of nClay layers by cation exchange results in an enlargement of the 
interlayer spacing. X-ray diffraction measurements of the nClays investigated in this study 
were plotted as Intensity versus 2θ curves in Figure 3-7. XRD spectrum of the untreated 
montmorillonite nanoclay showed a broad peak located at the diffraction angle 2θ=6°. This 
diffraction corresponds to a basal spacing (d-spacing) of 14.73 Å according to Bragg’s law 
applied to a diffraction emitted from a copper source. This spacing is caused by the presence 
of moisture attracted by the cationic charges located in the interlayers as previously described 
in the thermal analysis section. nClay/1, treated with dimethyl dialkyl quaternary ammonium 
surfactant, exhibited a well-defined reflection at 2θ=3.71° corresponding to a d-spacing of 
23.82 Å. A second less noticeable peak was spotted at 2θ=6.9° (d-spacing 12.81 Å). Both 
signals were related to the scattering of the (001) and (002) plans of the layered stacks, 
respectively (Das et al., 2008). Regarding nClay/2 which is treated with methyl tallow di-
hydroxyethyl quaternary ammonium surfactant, a single peak positioned at a diffraction 
angle of 2θ=4.79° (d-spacing 18.45 Å) was identified and assigned to the reflection of the 
plan (001). It can be deduced then that surface treatment in nClay/1 and nClay/2 increased 
the basal spacing of the first plan by about 60% and 25% respectively. The variation in the d-
spacing could be related to the extent of the nano-layers surface area occupied by the organic 
surfactants. In fact, authors like Younghonn and al. (Kim et White, 2005) attempted to 
estimate the organic surface area based on calculations of the cation exchange capacity of the 
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nClays, which is 92 meq/100g for sodium MMT, and molecular dimensions of the 
surfactants. It was deduced that the quaternary ammonium cations of nClay/1 and nClay/2 
covers about 120% and 70% of the layers surface, respectively. In addition, the number of 
long alkyl chains in the surfactants was found to affect the interlayer space in the nClays (two 
in nClay/1 versus one in nClay/2) (Kim et White, 2005; Williams-Daryn et Thomas, 2002). 
 
 
Figure 3-7. XRD patterns of MMT Bentonite Na+ (nClay/0), MMT treated 
with dimethyl dialkyl quaternary ammonium (nClay/1) and MMT treated 
with methyl tallow bis-2-hydroxyethyl quaternary ammonium 
 
In the next step, shape and position of the basal reflections in the XRD spectra were 
investigated to probe the nanocomposites morphology and occasionally to monitor the extent 
of dispersion of the nano-platelets in the rubbery matrix. Diffraction patterns of various 
rubber/nClays hybrids based on nClay/1 were portrayed in Figure 3-8. It should be 
mentioned that the marked peaks in the figure refer to the basal reflection of the plane (001) 
of the nClay/1. Peaks appearing at higher diffraction angles were found to be caused by some 
crystalline structures located in the pure nitrile rubber as mentioned in a previous study 
(Zemzem, Vinches et Hallé, 2019a). Regarding the unmaleated nanocomposites RCN/11-5% 
and RCN/12-5%, the position of the nClay/1 scattering was slightly shifted to the lower 
angles suggesting an expansion of the montmorillonite layers of about 1.07 Å and 0.72 Å, 













respectively. The variation of the nClay/1 layers d-spacing inside the NBR matrix was barely 
noticeable. The hypothesis of polymeric chains intercalation in the inter-lamellar voids is 
very unlikely. The literature rather attributed a small increase of basal spacing to a 
rearrangement of the surfactants long alkyl molecules located in the interlayer spaces (Zhou 
et al., 2007). As an additional note, a small difference was spotted between the effects of both 
described processing techniques. A comparable observation was reported in our previous 
work with similar nanocomposites (Zemzem, Vinches et Hallé, 2019a). From another 
standpoint, definitely more significant increase in d-spacing was seen with nClay/2 over 
fabrication with both described processing methods. From Tableau 3-1 (curves not shown), 
an expansion of the order of 5.76 Å and 5.43 Å were reported with RCN/21-5% and 
RCN/22-5% respectively. As a consequence, the incorporation of nClay/2 nanoparticles in 
nitrile rubber with both chemical casting and melt compounding procedures seemed to result 
in the penetration of the polymeric chains in between the silicate layers. Accordingly, the 
change in the peaks positions implies that a pronounced inclusion of the rubbery 
macromolecules within the nClay/2 galleries. Therefore, this inclusion led to the formation of 
an intercalated nanocomposite (Alex et Nah, 2006; Gatos et al., 2004). As a matter of fact, 
the quaternary ammonium surfactant used for the surface treatment of nClay/2 contains 
hydroxyl groups (O−H) rendering the hydrophilic silicate layers more organophilic (Ko, 
2000). On the other side, the highly polar cyano groups (C≡N) located at the acrylonitrile 
segment of the nitrile rubber are very likely to establish stable hydrogen bonding with the 
similarly-polar hydroxyl groups (Gatos et al., 2004; Gatos et al., 2005). It might be thought 
then that the enhanced polarity of the silicate layers facilitated the intercalation of the 
acrylonitrile section, representing 34% of the overall rubber, within the inter-lamellar voids. 
Note however that as long as the reflection peaks were still present in the XRD spectra, a 
complete separation of the layers and an entire delamination of the tactoids were far from 
being achieved (Teh et al., 2004). For nClay/0, it was quite difficult to distinguish the peak 
associated to the nanoparticle from the wavy background associated to the matrix. 




Figure 3-8. X-ray diffraction patterns of nanocomposites based on nClay/1 at 5% 
processed either with chemical casting and melt processing, before and  
after MA grafting 
 
A common note was observed in melt processed nanocomposites grafted with maleic 
anhydride with all three nClays under investigation; a clear absence of scattering peaks 
corresponding to the reflections of nClays interlayer spacing (Figure 3-8 and Tableau 3-1). It 
might be assumed, allegedly, that a considerable amount of the layered stacks lost their 
crystallographic ordering and orientation within the nanocomposites structure (Lim et Park, 
2001). Similar profiles were observed with the nanocomposites from chemical casting, 
except for RCNg/11-5% for which a prominent increase of d-spacing of 14.1 Å was 
recorded. Subsequently, it was deduced that the layered silicates reached a state of near-
exfoliation regardless of the surface treatment of the nClays and independently of the 
chemical nature and the size of the surfactant. By consequence, it was presumed that the 
presence of grafted MA played the major role in the delamination of the silicate layers. As a 
point of fact, authors working on maleated polyolefins and organophilic nano-clay systems 
(Hasegawa et Usuki, 2004) reported a similar conclusion. They showed that the driving 
forces for polymeric chains penetration in the galleries were hydrophilic interactions in the 
form of strong hydrogen bonds between −COOH groups located in the MA structure and the 

















structural oxygen present in the silicate layers. The same deduction was stipulated with 
maleated EPDM and organoclays nanocomposites (Zemzem, Vinches et Hallé, 2019a). 
 
Tableau 3-1. Basal spacing corresponding to the (001) plane reflexion of nClay/0 and 
nClay/2 within the nitrile nanocomposites 
Nanocomposite d-spacing (Å) Nanocomposite d-spacing (Å) 
RCN/01-5% N/A RCN/21-5% 23.88 
RCN/02-5% N/A RCN/22-5% 24.21 
RCNg/01-5% No peak RCNg/21-5% No peak 
RCNg/02-5% No peak RCNg/22-5% No peak 
 
That being said, it could be thought at the first sight that XRD technique would be considered 
as the perfect tool to probe nClays exfoliation within the nanocomposites. Just by notifying 
the disappearance of pre-existed peaks of d-spacing reflections a conclusion could be made 
about the extent of exfoliation of the nClays stacks. Nevertheless, it turns out that the result 
of having a flat XRD spectrum wouldn’t systematically mean getting homogeneous 
nanocomposite of well dispersed individual layers. Indeed, by looking at the mechanism of 
the platelets separation, two things happen to a given piling of layers. First of all, since the 
intercalated macromolecules penetrate randomly inside the galleries, a loss of the platelets 
stacking order occurs. This, hence, leads to a reduction in the size of the stuck and causes a 
broadening of the corresponding reflection peak in the spectrum (Vaia et al., 1996). Second, 
following a fairly wide extent of intercalation, multiple basal d-spacings arises giving birth to 
a whole distribution of broad and weak diffraction peaks for a given platelets stack (Reichert 
et al., 1998). Those factors contribute to the appearing of what it looks like smooth flat curve 
as seen with the maleated nanocomposite in Figure 3-8. Taking into account these 
considerations, the morphology rather tends to look like clusters of well expended and 
disordered few-numbered platelets piles. Single layers might also be present as a result of 
delamination mechanism following shear stress applied during melt processing. 
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3.5.4 SEM observations and EDX assessment of the nClays state of dispersion 
Despite the capabilities of the X-ray diffraction analysis to provide convenient understanding 
about the inter-lamellar spacing of the nClays layers before and after inclusion in the rubber, 
little can be said about the state of dispersion and the spacial distribution of the nClays in the 
elastomeric matrix. Crosschecking with electronic imaging technique would provide a better 
understanding of the nanocomposite morphology. It should be admitted that SEM is not 
widely used as a reliable method to investigate layered silicate nanocomposite structures. The 
major reason is that the micrographs resulted from the electron scattering cannot provide 
enough contrast to distinguish the nClays from the elastomeric matrix. For the nanoparticles 
to be perceived in the micrographs, chemical etching could be applied to the observed 
fracture surface in order to remove the surrounding rubber, pop up the nClays to the surface 
and create a topology. Chemical etching is quite challenging in itself; considering the 
lamellar form of the nClays, surface tension forces tend to flatten the nanoparticles on the 
surface. This matter could easily be recognized in the following observations. Figure 3-9 
(a.1) and (b.1) displayed SEM micrographs of RCN based on the untreated nClay/0 before 
and after MA grafting, respectively. Magnification was set in such a way that the expected 
size (lateral dimension) of the fillers could be detectable. Well defined profiles could readily 
be spotted in both images but no obvious conclusions could be made as to their nature. 
 
Based on the SEM setups, silicate entities could be indirectly sensed through elemental 
analysis of the characteristic X-rays backscattered electrons after a primary electron 
bombardment of the sample surface. The measurements were conducted using an energy 






Figure 3-9. SEM micrographs of nitrile nanocomposites based on nClay/0 before (a.1) and 
after (b.1) maleic anhydride grafting as well as their associated EDX element mapping 
images (a.2) and (b.2), respectively. EDX spectrum of RCN/01-5% (c) 











From a chemical point of view, it should be highlighted that the nClays under investigation 
are synthetic minerals composed of an alumina octahedral layer sandwiched between two 
tetrahedral silica layers in a the ratio of 2:1 (García-López et al., 2010). Given the difference 
in their ionic valence, trivalent aluminum cations are very often partially substituted by 
bivalent magnesium cations within the silicate layers (Paul et Robeson, 2008). Accordingly, 
Si, Al and Mg are substantial elements present in the structure of the investigated nClays 
regardless of the organic surface modification. Those elements are thus characteristics of the 
nClays and were used as markers to detect the presence of the nanoparticles in the 
micrographs. Figure 3-9 (c) portrayed the elemental EDX spectrum of the RCN/01-5% and 
labeled peaks in the curve confirmed the presence of the three outlined elements. As a side 
note, the platinum signal was originated from the conductive coating applied to the sample 
and sodium was the exchangeable cation located on the platelets surfaces. The best contrast 
to distinguish the nClays was achieved when elemental mapping of all the three structural 
elements (Si, Al and Mg) were superposed in a single image. Such mapping images of 
nitrile/nClay/0 hybrids before and after MA grafting were jointly showed in Figure 3-9  
(a.2) and (b.2). 
 
At first glance, it could be seen in the mapping image of the non-grafted nanocomposite the 
omnipresence of relatively large sizes of well-defined nClays clusters. Smaller separated 
agglomerations could also be spotted in the same image. The cold (blue) contrast in-between 
represents the surrounding rubbery matrix. On the other hand, maleated nanocomposite 
exhibited a homogeneous pattern of much smaller and uniform nanoparticles agglomerations. 
Also, it could be noted that the intermediate space showed a brighter contrast compared to 
the non-grafted material. This is suggesting either the presence of even smaller silicate 
entities which were barely detected by the device, or the existence of agglomerations located 
few microns beneath the probed surface. Either way, this observation connotes an 
enhancement of the nClays distribution within the nanocomposite. For further investigation, 
quantitative analysis of size distributions of the agglomerations was conducted. In each 
nanocomposite, counting was based on data collected from a sum of five mapping images at 
the same magnification. Since no regular shape was discerned for the agglomerations, 
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assessed size was set to denote the surface area of the entities. A protocol was developed on 
image editing software (ImageJ) to identify the agglomerations based on their brightness and 
their contrast in the mapping images. Automated counting was then executed. The formerly 
described size distribution histograms were depicted in Figure 3-10. In the first place, 
counting results showed that the number of agglomerations entities in the nanocomposites, 
for the same inspected area, increased by more than 2.5 times after the grafting of MA (from 
43 to 111 entity). Additionally, the histogram of the RCN/01-5% revealed a near-flat 
distribution. More specifically, almost every size range of 0.05 µm2 from 0.01 to 1 µm2 
contains up to five agglomeration entities. After MA grafting, RCNg/01-5% exhibited a clear 
asymmetric peak shifted to the left of the graph and showing that over 30% of the nClays 
assemblies have a surface area of about 0.05 µm2. This finding helped to throw some light on 
the effects of MA grafting on decreasing the size of the agglomerations and homogenizing 
the morphology of the RCNs. 
 
 
































































3.5.5 TEM experiments 
Further characterization support was provided from transmission electron microscopy. 
Through direct visualization, TEM allows, indeed, a localized understanding of the internal 
morphology of the nClays as well as views of the defect structure (Ray et Okamoto, 2003). 
Figure 3-11 (a) and (b) portrayed TEM bright field micrographs at a magnification of 200K 
representing nitrile nanocomposites cross-sections before and after grafting of maleic 
anhydride, respectively. The image corresponding to the non-grafted nanocomposite 
exhibited a region of about dozen of alternating narrow dark and light bands. The described 
multilayered feature was definitely assigned to a piling of parallel silicate nano-platelets. The 
thickness of the dark layers was measured in post-treatment and found to be around 1 nm. 
The result is in agreement with the structural thickness of a silicate monolayer documented in 
the literature (Alexandre et Dubois, 2000). Accordingly, the adjacent bright band would 
correspond to the interlayer gallery. Interestingly, the width of this gap measured at ten 
different positions in the layered structure was equal to 23.65 Å ± 0.5 Å. This measurement 
is in perfect agreement with the basal d-spacing previously assessed with XRD (24.54 Å). 
Similar TEM micrographs in the literature support the findings (Gilman, 1999). It is worth 
mentioning also that rather than polymeric intercalation process, dispersion of the layered 
silicate was additionally undertaken by delamination mechanism. This phenomenon is 
reflected in micrographs by the onset separation of small stacks of 2-5 nano-platelets (white 
arrows) from the external surface of the tactoids. The delamination aspect was repeatedly 
appearing in several micrographs taken for this nanocomposite. After MA-grafting (Figure 
3-11 (b)), the existence of separated monolayers was clearly visible in the micrographs being 
assigned to the single dark hair-like bands. 
 
It is to note though that the overall micrograph was majorly occupied by a bright area 
corresponding to the rubbery matrix. It must be kept in mind that at this level of 





Figure 3-11. TEM micrographs of NBR nanocomposites loaded with 5% before (a) and 
after (b) grafting of maleic anhydride 
 
3.5.6 SAXS experiments for nClay orientation 
Even if it was assumed that a state of total exfoliation of layered silicates could be reached, 
the performance of a nanocomposite would still be far from being at its best for some 
applications. In fact, numerous studies highlighted the pronounced effect of the orientation 
and the alignment of the nClays platelets within the polymeric matrix on enhancing 
efficiency in several fields involving barrier and mechanical properties (Kim et al., 2001; 
Osman, Mittal et Lusti, 2004). The small angle X-ray scattering technique is considered one 
of the most commonly used methods to sense the orientation of crystalline forms embedded 
within polymeric systems (Kamal et al., 2012; Schnablegger et Yashveer). SAXS concept is 
based on probing X-ray reflections from the layered structure of a population of nClays 
tactoids, which provides a reliable understanding of the platelets orientation distribution. 
The orientations of layered silicates in four nanocomposites based on nClay/1 at 5% were 
examined in this study. Since the processing methods were shown to considerably affect the 
nClays alignment, solution cast and melt processed nanocomposites were compared 
(RCN/11-5% and RCN/12-5%). The maleated nanocomposite (RCNg/12-5%) was also 




expected to reduce the amount of diffraction and thus is likely to provide poor information 
about the nClays arrangement. The fourth sample was prepared exactly as the extruded 
RCN/11-5% except that it was quenched with liquid nitrogen right after the pressing step. 
Fast cooling was thought to freeze the morphology and ensure more orientation of the nano-
layers (RCNq/12-5%). 
 
To get a global overview of the alignment within a tested sample, a technique was adopted to 
build a three-dimensional representation of the nClays orientation starting from the 2D SAXS 
patterns. Diffraction results were acquired from the three different directions of a cubic 
sample. These directions correspond to the machining (MD), tangential (TD) and normal 
(ND) directions as portrayed in Figure 3-12 (a). It should be noted that each one of these 
directions is perpendicular to its associated plan of diffraction represented by the 2D SAXS 
stereographs. For the solution casted sample presented in Figure 3-12 (b), the 3D scattering 
spectrograms displayed well defined concentric circles around the primary incident beam. 
The ring-like dark spots at the first order counting from the center were associated to the 2θ 
diffraction of the nClays basal d-spacing. Their diffractions were in agreement with the 
position of the inter-layers peak reported with XRD. Nearly isotropic patterns in all the 
directions indicate the existence of randomly orientated nClay platelets within the RCN 
system (Prasad et al., 2001). The spectrograms associated to the RCNq/12-5% and presented 
in Figure 3-12 (c) also showed the reflected intensity of the nClay/1 within the 
nanocomposite. However, concentric blob-like circles were only spotted from the normal 
direction. Seen from (MD) and (TD), scattered patterns revealed a lack of diffracted 
intensities on either sides of the central spot. Anisotropic diffraction is the signature of an 
obvious orientation of the nano-platelets (Alonso et al., 2009). According to the three 
dimensional portrayal, the face and side alignment would suggest an orientation following 
the line of extrusion during processing. Finally, diffraction patterns of the maleated 
nanocomposite RCNg/12-5% were expressed in Figure 3-12 (d). As expected, the 
stereographs exhibited broad diffraction near the central blind spot. No specific scattering 






Figure 3-12. Three-dimensional representation of nClays orientation using  
2D-SAXS patterns 
 
A very convincing approach for determining the three-dimensional orientation of various 
hierarchical organic and inorganic structures in polymeric systems was described by Bafna 
and al (Bafna et al., 2003). This approach was adopted to conduct a more in-depth 




samples. As could be deduced from the previous discussion, the presence of periodic lamellar 
structure such the nClays was manifested by the appearance of a characteristic ring of 
scattered intensity at a specific range of diffraction angle 2θ. A curve of intensity versus the 
azimuthal angle (φ) ranging from 0 to 360° could be plotted for each radial position (2θ). In 
such a curve, the more sharp and intense azimuthal peaks are, the more orientation there is in 
the structure. For each one of the three previously identified directions, an average cosine 
square value could be calculated using equation (3.1) (Bafna et al., 2001) in order to provide 
a reasonable assumption of the state of alignment distribution of the population of nClays 







The letter i stood for directions M, T and N. 
 
The obtained average cosine square value was then used, for each direction i, to assess a so-
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A convenient presentation of the average three-dimensional orientation direction based on 
Herman’s factor data would be by using Wilchinsky triangle which is a ternary plot that 
displays the extent of orientation by a single dot (Roe, 2000). By definition, a complete 
randomly oriented structure relative to a given direction would have a null Herman’s factor, 
which corresponds to an average cosine square value equal to 1/3. In this case, the three-
dimensional orientation would be represented by a point on the center of the Wilchinsky 
triangle (unfilled circle in Figure 3-13). On the other hand, the orientation assessment of a 
structure along a given direction corresponds to the distance of its representative point from 
the axis of interest for the particular orientation. In other words, for a structure perfectly 
orientated in the MT plane, the associated normal direction must be pointed towards the N 
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direction and therefore it would be represented by a point at the ND corner (see Figure 3-13). 
While an orientation of a structure perpendicularly to the MT plane would be represented by 
a point on the MT axis opposite to the ND corner. 
 
This approach was adopted to assess the three-dimensional orientation of the four formerly 
described nanocomposites. The respective Wilchinsky triangle was portrayed in Figure 3-13. 
First, it was deduced from the cubic representation of the SAXS stereographs, the chemically 
casted nanocomposite RCN/11-5% exhibited an almost totally random 3D orientation within 
the rubbery system. In fact, its associated point was located very close to the center of the 
ternary plot. Second, the melt-processed RCN/12-5% sample showed a point positioned right 
at the normal to the (MD, MT) axe. That is already meaning that there was the same extent of 
orientation in the machining and tangential directions. In addition, this point was located 
between the center of the triangle and the ND corner. This is suggesting that the layered 
silicates had an obvious orientation parallel to the MT plane. Third, it could be noticed that 
the quenched RCNq/12-5% nanocomposite expressed the same orientation trends compared 
to RCN/12-5% but with a corresponding point closer the ND corner. This was implying more 
pronounced orientation parallel to the MT plane. Finally, a point of 3D orientation was 
associated with the maleated nanocomposite RCNg/12-5%. The sample followed the same 
former alignment tendency. However, it is noteworthy that since no well-defined rings were 
spotted in its corresponding stereographs, the azimuthal curve was constructed from 
averaging a relatively large range of radial intensity along the 2theta axis. Therefore, the 
observed orientation could match with the alignment of other ordered structures present in 




Figure 3-13. Wilchinsky triangle for three-dimensional orientation 




In summary, the undertaken study was an attempt to design a nitrile-based nanocomposite 
filled with clay nanoparticles at a high level of dispersion and conducted in a preferred 
orientation. Layered silicates with organic surface modifications were used in order to 
enhance the rubber/filler compatibility. Besides, the rubbery matrix molecules were 
chemically grafted with maleic anhydride, a highly polar monomer that was expected to 
improve the affinity between the components and helps polymeric chains to intercalate 
within the nClays galleries. TEM, XRD and EDX/UHR-SEM characterization techniques 
were combined to build a state of understanding about the homogeneity of the 
nanocomposites. Grafting with MA was found to provide an astounding improvement to the 
dispersion of the layered silicates and a state of near-exfoliation has been witnessed. On the 
other hand, processing the nanocomposites with melt compounding through extrusion was 
shown to ensure an alignment of the nanoparticles following machining and tangential 
directions. This particular arrangement was made clearly noticeable through a 3D orientation 
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approach based on data collected from SAXS. Conclusively, the desired nanocomposite was 
successfully designed at some extent. Afterwards, it would be of great interest to know if the 
enhanced structural properties will guarantee improved industrial qualities. 
 
Préface du chapitre 4 : 
 
Le dernier chapitre constitue l’objet de l’étude menée dans l’article 3. L’objectif de ce 
chapitre est d’évaluer les propriétés barrières des nanocomposites dont la marphologie a été 
améliorée. La modélisation par les lois de Fick est adoptée pour décrire le phénomène de 
transport moléculaire à travers les membranes nanocomposites. Les propriétés barrières sont 
évaluées à travers la détermination des paramètres du mécanisme de transport ainsi que ceux 
de la cinétique de pénétration. L’effet de la température et de la taille des molécules 
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4.1 Abstract 
The aim of the present study is to investigate the barrier properties of a nanocomposite 
material against organic solvents. Molecular transport phenomena of three alcohols, namely 
methanol, ethanol and isopropanol, through a nitrile rubber-based nanocomposite, were 
carried out in temperatures ranging from 23 to 70°C. For each configuration, mass transfer 
kinetics were investigated for three different types of clay nanoparticles using mass uptake 
experiments. The state of exfoliation of the lamellar filler was expected to affect the barrier 
properties of the resulting material. Hence, maleated nanocomposites with enhanced 
dispersion morphology were also examined. Sorption tests were conducted on neat nitrile 
rubber to outline the clay nanoparticles’ effect. Results show that all molecular transport 
parameters are generally susceptible to temperature variations. Sorption, diffusion and 
permeability coefficients noticeably increased as temperatures increased. Polymer/solvent 
interaction seems similarly affected. Molecular volume of the penetrant is observed to have 
an influence on molecule migration. The required immersion time to reach saturation and 
values of sorption at equilibrium both drop with the increase in molecular volumes. Diffusion 
and permeation coefficients are likewise affected and decrease logarithmically with the linear 
96 
increase of molecular volume. The diffusion mechanism is slightly altered by this factor and 
the Fickian mode is maintained. When filling the rubbery matrix with layered silicates, 
sorption decreased at equilibrium. Its level dropped even lower with the maleation of the 
nanocomposite. However, the diffusion coefficient exhibits a less systematic trend. 
Randomly filled nanocomposites appear to have higher diffusivity than neat rubber, but the 
parameter considerably decreases after maleation, which emphasizes the nanoclay’s 
dispersion effect. Finally, the evolution of the penetrant concentration within the rubber 
material is portrayed with different solvents at four temperatures, based on Fick’s analytical 
modeling of the mass transfer phenomenon. 
 
KEYWORDS: Nitrile rubber, layered silicate nanocomposites, maleic anhydride, mass 
transfer kinetics, swelling. 
 
4.2 Introduction 
Molecular transport phenomena through polymeric systems play an important role in several 
areas of engineering and have a considerable impact in many industrial sectors (Greenkorn, 
2018). Structural integrity, chemical stability and dimensional invariance in the presence of 
aggressive substances are qualities of great importance when applications such as food 
packaging, controlled drug release, filtration and electronic encapsulation are concerned 
(Baker, 2012). The sorption and transport properties of small organic molecules in a wide 
range of polymers have been extensively investigated. For instance, there are several studies 
on the molecular transport of most of the thermoplastic polymers, thermosets, elastomers, 
and geomembranes (Rao et al., 2007; Sridhar et al., 2007; Stephen et al., 2006). The barrier 
properties of these materials were probed in the presence of the majority of commercial 
chemicals, such as n-alkanes, halo-alkanes, aliphatic esters and aromatic hydrocarbons 
(Kumar, 2005; Swamy, 2003). The molecular transport behavior was found to be deeply 
affected by the structural properties of the penetrant/polymer system. In fact, studies 
demonstrate the influence of the segmental mobility of the polymeric matrix, the size and 
shape of the penetrant as well as the chemical affinity in the diffusion system (George et 
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Thomas, 2001). It was also found that the mass transfer phenomena closely depend on the 
environmental conditions surrounding the sorption process, namely temperature and 
humidity (Joseph, Mathai et Thomas, 2003). 
 
Polymers reinforced with inorganic nanostructured and layered silicates have attracted 
substantial attention due to their unique and attractive characteristics even at low 
concentrations (Bhattacharya, 2016). These materials, also called nanoclays, combine the 
simplicity of polymer processing with the resistance of the platelet-like nanoparticles. In 
addition, clay nanoparticles possess two particular characteristics. First, the constitutive 
platelets can be dispersed on individual layers. Second, they can functionalize the surface of 
these layers and apply chemical modifications that allow better interactions with the hosting 
polymers (Azeez et al., 2013). In previous works, their high aspect ratio was stated to 
contribute to the reduction of fluid permeability by creating a tortuous pathway to the 
penetrant substance (Tan et Thomas, 2016; Zemzem, Vinches et Hallé, 2019a). The ideal 
state would be having a complete separation of the nano-platelets leading to a maximum of 
interfacial surface in the rubber/clay system. However, total delamination is technically 
difficult to achieve due to the non-compatibility between the components and the hydrophilic 
nature of the bare clay nanoparticle surface. Therefore, the successful synthesis of 
nanocomposites depends on the chemical affinity between the polymeric matrix and the 
hosted nanoparticles that ensure the thermodynamic stability of the nanocomposite system. 
Over the years, new techniques are continually being developed to enhance the 
nanoclay/polymer compatibility. The most commonly adopted method consists of modifying 
the surface chemistry of the nano-platelets with aliphatic organic structures to reduce the 
surface tension and facilitate polymeric chain intercalation (Kotal et Bhowmick, 2015). 
Rather than achieving intercalation via ion exchange, other methods to increase the 
interfacial adhesion were adopted, such as ion dipole bonding of bulk molecules to the 
metallic cation on the nanoclay surface and nano-platelet edge treatment with silane coupling 
agents (Beall et Powell, 2011). It was also found that some studies used maleic anhydride 
monomers as compatibilizers due to their polarity and their highly reactive nature  
(Issaadi et al., 2015). 
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Both in its solid and latex states, acrylonitrile butadiene rubber is considered to be one of the 
most mass produced and widely commercialized elastomers, also known as nitrile rubber. 
Mainly manufactured using the emulsion polymerization method, this elastomer exhibits low 
mechanical and barrier properties without reinforcing fillers. Attempts were made to 
incorporate clay nanoparticles to enhance its barrier properties, but this yielded a low state of 
dispersion of the nanoclays within the elastomeric matrix, resulting in poor chemical 
resistance quality. In our previous work (Zemzem, Vinches et Hallé, 2019b), a clay 
nanocomposite based on nitrile rubber was developed. Combining the grafting of nitrile 
rubber backbones with maleic anhydride and the organic modification of the nanoclay 
surfaces led to a successful synthesis of the nanocomposite with a satisfactory state of 
nanoclay dispersion and orientation of the nano-platelets within the elastomeric structure. 
Thus, the aim of the present study is to investigate the barrier properties and better 
understand the sorption behaviour of this material against organic solvents by probing the 
kinetic molecular transport parameters of the penetrant/nanocomposite system. 
 
4.3 Reagents and materials 
The nanocomposites of the present study are based on an acrylonitrile-butadiene rubber 
(NBR) matrix. Baymod N34.52 NBR powder was used, complements of Matexion, ON, 
Canada. This nitrile rubber elastomer is 34% acrylonitrile. Its Mooney viscosity is 45±5 at 
100°C and its specific gravity is 0.98. 
 
For the grafted nanocomposite samples, maleic anhydride (MA) was used as a reactive 
monomer and benzoyl peroxide (BPO) as an initiator of the grafting process. Both substances 
were purchased from Aldrich Chemical with a purity level of over 98%. 
 
The nanocomposites were filled with three different commercial-grade clay nanoparticles 
(Sigma-Aldrich, Oakville, ON, Canada), one unmodified and two organically treated. The 
nClays were labelled as follows: 
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− nClay/0: a natural inorganic hydrophilic sodium montmorillonite (Na+MMT) with 
no surface modification; 
− nClay/1: Surface modified MMT containing 35-45 wt. % of dimethyl dialkyl 
(C14-C18) amine; 
− nClay/2: Surface modified MMT containing 25-30 wt. % methyl dihydroxyethyl 
hydrogenated tallow ammonium. 
 
High purity grade (over 98%) methanol, ethanol and isopropanol (propan-2-ol) from Fisher 
scientific (Hampton, NH, U.S.A.) were used as penetrant solvents in the sorption 
experiments. The properties of the solvents are presented in Tableau 4-1. 
 
Tableau 4-1. Physical properties of the organic solvents used as penetrants  
at room temperature 
Methanol Ethanol Propan-2-ol 
Chemical formula CH3OH C2H5OH C3H7OH 
Molar mass g·mol-1 32.04 46.07 60.10 
Molecular volume cm3·mol-1 40.45 58.37 76.46 
Density g·cm−3 0.792 0.789 0.786 
 
4.4 Experimental 
4.4.1 Preparation of the nanocomposites 
Nitrile rubber-based nanocomposites containing the formerly described nanoclays were 
prepared. For every batch, a virgin nitrile rubber sample was prepared using the same 
processing protocol as for the nanocomposites for comparison purposes. It is worth noting 
that prior to every preparation, all powders were oven-dried at 65°C for 24h. To set the 
optimized loading for reinforcement, the first batch of nanocomposites was prepared with 
different nanoclay concentrations: 1, 3, 5, 10 and 15%. The nanocomposite with optimum 
loading will be retained and used to investigate the barrier properties using the three 
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aforementioned solvents at various temperatures. A HAAKE Polylab OS – RheoDrive 4 co-
rotating twin screw extruder (Rheomex OS PTW16) was used to prepare the conventional 
and maleated nanocomposites. A detailed description of the nanocomposite process is 
available in our previous work (Zemzem, Vinches et Hallé, 2019b). After this, all the 
obtained compounds were press-molded into sheets for mass transfer experiments. 
 
4.4.2 Mass uptake experiment 
Mass uptake experiments were performed at 25, 40, 55 and 75°C. Rectangular samples (60 × 
10 mm) were cut from the press-molded nanocomposite sheets using a steel die. Screw-tight 
test bottles containing about 10 mL of the penetrant solvent were placed in a bath of silicone 
oil heated to the desired temperature within an accuracy of ± 1.0°C. Dry weights of the cut 
samples were then placed in the bottles. At predefined time intervals, the samples were 
withdrawn from the solvent containers. The surface-adhered liquid was removed by gently 
pressing the samples between filter paper wraps and the samples were weighed on a digital 
balance (accuracy ± 0.01 mg). The overall process was performed within a maximum of 20 
seconds to minimize errors. The sorption tests were performed until equilibrium was reached, 
i.e. solvent was no longer being absorbed despite continued immersion. Each test was 
replicated three times to obtain statistically valid data. 
 
The percent mass uptake during solvent sorption was given by (Vinches et al., 2015): 
 
 %ܯܽݏݏ	ݑ݌ݐܽ݇݁(ݐ) = ൬݉௧ − ݉଴݉଴ ൰ × 100 (4.1) 
 
The output from a sorption experiment could also be expressed relatively to the total mass 
uptake of a given sample during an immersion test. The dynamic mass variation was then 
given by the following: 
 
 ܦݕ݊ܽ݉݅ܿ	݉ܽݏݏ	ݒܽݎ݅ܽݐ݅݋݊(ݐ) = 	 ܯ௧ܯஶ 	=
݉௧ − ݉଴
݉ஶ −	݉଴ (4.2) 
 
101 
where, ܯ௧ is the mass uptake at instant t, ܯஶ, the mass uptake at equilibrium, ݉଴, the initial 




4.5.1 Sorption behavior 
Even though nitrile nanocomposites are dense and nonporous materials, they can be 
permeated to some extent by liquids, gases and vapours of liquids at a molecular level 
(Mathai, Singh et Thomas, 2002). Liquid absorption in a given polymeric membrane is best 
expressed by Fick’s theory. Hence, absorption is governed by a concentration-independent 
diffusivity (Baker, 2012). Based on Fick’s second law, the dynamic mass variation over time 
of an absorbing polymer can be analytically described by a polynomial of degree n (equation 
(4.3)). An effective way to predict the diffusion mechanism in a given system is to establish a 
relationship between the sorption data from mass uptake experiments and the analytical 




ܯஶ = ܭ ∙ ݐ
௡ (4.3) 
 
ܭ is a constant closely related to the diffusion coefficient of the system as well as to the 
sample thickness, and ݊ is a real number, indicating the type of diffusion mechanism. 
 
Depending on the relative mobility in the polymer/penetrant system, three modes of diffusion 
are considered. The diffusion is Fickian, or Case I, when the mobility of the polymeric chains 
highly exceeds the diffusion rate of the penetrant. The dynamic mass variation is expected to 
be proportional to the square-root of time, accordingly, n=1/2. This mechanism is usually 
found in systems involving polymers, especially elastomers, whose glass transition 
temperature is well below the ambient temperature in which the diffusion process is taking 
place. On the other hand, diffusion is non-Fickian, or Case II, when n=1. In this case, the 
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diffusion rate of the penetrant exceeds the mobility of the polymeric macromolecules. A 
diffusion mechanism is considered anomalous when the exponent n is between 1/2 and 1 and 
when the mobility of both polymer chains and penetrant molecules are comparable  
(Tan et Thomas, 2016). 
 
4.5.2 Kinetics of mass transfer 
Molecular transport through polymeric systems is admitted to be a diffusion process (Masaro 
et Zhu, 1999). The diffusion coefficient of the molecular flow through a given polymeric 
membrane can be calculated using the thin-film solution with Fick’s second law  
of mass transfer: 
 
 ߲ܥ ߲ݐ⁄ = ܦ(߲ଶܥ ߲ݔଶ⁄ ) (4.4) 
 
where, C refers to the liquid concentration within the membrane at a given time t and at depth 
x within the sample. An analytical solution of this differential equation defines the liquid 
concentration during sorption through a given rubber sheet of thickness h, at time t, and at 
distance x. Resolution of the second law of Fick’s equation leads to an expression of the 
mass of the penetrant absorbed by the film as a function of time, previously defined as the 
dynamic mass variation. A fair approximation at short durations, where Mt/M∞ ≤ 0.6, is given 
by the following expression (Karimi, 2011). 
 
A detailed development of the resolution of Fick’s second law can be consulted in our 








∙ ቆ√ݐℎ ቇ (4.5) 
 
Therefore, the diffusion coefficient can be graphically deduced from the slope of the reduced 
sorption plot overlaying the experimental data of sorption. Interestingly, the reduced sorption 
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plot connects the dynamic mass variation with the normalized square root of time, which is 
expected to be linear for short time periods. 
 
The solubility, S, of the studied materials is related to the chemical nature of both penetrant 
and polymer; it is the capacity of the polymer to uptake the solvent. The permeability 
coefficient, P, is defined as the volume of the penetrant that has past through a unit area of 
the membrane per unit time on a normalized thickness, all within a unit pressure difference 
across the system. This parameter depends on both solubility and diffusion coefficients of the 
process (Joseph, Mathai et Thomas, 2003); it is therefore defined as: 
 
 ܲ = ܦ × ܵ (4.6) 
 
4.5.3 Concentration profile 
From a practical point of view, knowing the depth of penetration of a given diffusing 
substance into a structure is valuable information, especially when considering the storage of 
liquids in containers made of polymers. It was previously explained that liquid penetration 
through polymeric systems is a diffusion process governed by Fick’s second law. 
 
Solving the differential equation under the described conditions gives (Aminabhavi, Harlapur 
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where ܥ(ݔ, ݐ) is the concentration of the penetrant liquid at a fixed time t and at a distance x 
from the membrane surface, ܥஶ, also labelled ܥ௜௡௙ in the figures, is the liquid concentration 
at equilibrium and D is the approximated diffusion coefficient, assumed to be constant for 
short time periods; values of D are calculated based on equation (4.5). 
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4.6 Results and discussions 
4.6.1 Dynamic solvent uptake 
First, it is important to assess the concentration loading effect on the barrier properties. In 
fact, achieving a noticeable level of enhanced chemical resistance requires the addition of a 
high concentration of nanoclays. However, excessive amounts of filler lead to bulkiness as 
well as loss of transparency, whereas moderated amounts of nanoclays are expected to 
enhance the chemical resistance of the nanocomposite and improve its mechanical properties 
and structural characteristics. The evaluation of kinetic parameters of molecular transport 
must take into consideration the geometric properties of the tested sample, namely its 
thickness. Hence, sorption data are interpreted using reduced sorption plots. In these plots, 
the dynamic mass variation of the immersed sample is portrayed as a function of the root of 
the normalized time: ܯ௧ ܯஶ⁄ = ݂(ݐଵ/ଶ ℎ⁄ ). For instance, Figure 4-1 represents the dynamic 
mass variation of RCN specimens loaded with different concentrations of nClay/1; 1, 3, 5, 10 
and 15%. The mass uptake curve of pure NBR (NBR/P) is also presented in the same plot as 
a reference. Immersion tests are conducted in methanol. Incidentally, the average standard 
deviation of all sorption measurements in what follows is less than 1.8%. The resulting 
curves start off showing linearity up to around 60% of saturation, after which they exhibit 
concave behavior towards the x-axis until approaching the sorption equilibrium values. From 
the described plot, it is noticed that sorption behavior is proportional to the nClay content. 
The rate of mass uptake increases as the filler concentration increases. Comparable 
dependence is mentioned in the literature for different elastomers, such as ethylene propylene 
diene methylene rubber (Wu et al., 2018). In addition, and based on sorption data at 
equilibrium, sorption at saturation state is found to decrease as nClay/1 concentration 
increases from 1 to 15%. This observation is justifiable. In fact, sorption at equilibrium 
corresponds, by definition, to the maximum amount of solvent that a given sample can 
accommodate in its structure. On the other hand, nClays are inorganic impermeable fillers. 
Hence, for a given sample volume, the more nClay in the structure, the less available space 
there will be for absorption. Under these circumstances, it was decided that the concentration 
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in nClay would be 5%. Furthermore, reduced sorption plots were used with approximations 
using Fick’s law to calculate the diffusion coefficients of polymer/penetrant systems. 
 
 
Figure 4-1. Dynamic mass variation in methanol of NBR/P  and RCNs at 1, 3, 5, 10 and 
15% of nClay/1 as function of normalized time 
 
Molecular transport through dense rubber/clay nanocomposite membranes is suspected to be 
sensitive to the molecular size of the penetrant substance (George et Thomas, 2001). 
Therefore, sorption experiments were conducted using three solvents, methanol, ethanol and 
isopropanol (see Tableau 4-1), each differing by a constant molecular volume of 18 cm3·mol-
1. As the molecular diffusion is a temperature-activated process, sorption data is considered 
as an excellent guide to study the effect of temperature on the mass transport behavior. 
Hence, sorption experiments with each solvent are performed at 23, 40, 55 and 70°C. 
Associated data are presented in Tableau 4-2. Parts of these results are illustrated in Figure 
4-2 and Figure 4-3. 
 
Mass uptake occurs when solvent is adsorbed. As a general observation, one can notice that 
all curves exhibit the similar characteristic behavior of polymeric materials. Due to the high 
concentration gradient of the solvent in contact with the surface of the specimen at first 



















was instantaneously exposed to intense solvent stress and the polymeric macromolecules are 
expected to respond elastically to the presence of the penetrant particles. Over the duration of 
exposure, the small penetrant molecules cause the polymeric chains to relax, producing more 
space for the solvent to occupy (Haseeb et al., 2011). As the immersion time increases, the 
rate of mass uptake gradually decreases until it reaches a plateau corresponding to a state of 
equilibrium in which no more solvent is being absorbed. 
 
Figure 4-2 illustrates the sorption data of NBR/P, RCN/0, RCN/1 and RCN/2 in isopropanol 
at 23, 40, 55 and 70°C. At first sight, mass uptake behavior over time is almost identical for 
all temperatures. Nevertheless, sorption attains the equilibrium state more quickly as the 
temperature increases. In fact, steady state is not achieved before 540 min of immersion at 
23°C, while it is reached in 310 min at 70°C. The same trend occurs with intermediate 
temperatures therefore not all data was graphically represented to avoid redundancy. A 
reduced sorption plot associated to the above sorption data confirms this finding; curves 
exhibit linearity up to around 60 to 65% of mass uptake. Also, it was remarked that the slope 
of the linear segment is steeper the higher the temperature. These findings are directly related 
to the kinetic of mass transfer that will be discussed in the following sections. From another 
perspective, the proportion of sorption at saturation exhibits a systematic increase as the 
temperature regularly increases. It was noticed that for all temperatures, the nature of the 
nanoclay does not seem to have a substantial effect on the value of sorption at saturation. In 
what follows, RCN/1 is considered to illustrate the effect of temperature. From 23 to 55°C, 
the maximum of solubility rises from around (12.5 ± 1.1) % at regular intervals of about 6 to 
7%. For the immersion test at 70°C, the maximum sorption value rises by a factor of almost 
twice the mass uptake percent interval observed with the intermediate temperatures and 
sorption at equilibrium was reached at (43.6 ± 1.3) %. The temperature effect is also 
investigated with methanol and ethanol. To reduce the number of figures, associated sorption 
data curves are not portrayed. The same trend is observed with both alcohols and the regular 
increase of temperature results in an augmentation of the sorbed amount of solvent at 
equilibrium. The augmentation of solubility as the temperature increases is a straightforward 
deduction in thermodynamics. Indeed, for a liquid to dissolve in a polymeric structure, the 
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total free energy of mixing should be negative, and the more negative it is, the higher the 
solubility. Since solvent molecules in their liquid state exhibit a highly chaotic arrangement, 
the associated entropy ΔS tends to be positive. In addition, the effect of temperature on the 
process is embedded within the entropy term of Gibbs’ free energy of mixing, an increase in 
temperature is generally followed by an increase of solubility (Poon, Castellino et Cheng, 
2007). Yet interestingly, temperature has a lesser effect on the sorption of methanol. The 
values of sorption at saturation vary more systematically with the increase of temperature, 
but with an interval of mass uptake barely exceeding 5%. No particular jump of sorption was 
noted at 70°C as with isopropanol. 
 
Figure 4-3 portrays the mass percent uptake data of NBR/P, RCN/0, RCN/1 and RCN/2, at 
23°C, in methanol, ethanol and isopropanol. Homologous results at 40, 55 and 70°C are also 
examined although not graphically represented. Here again, sorption plots of all solvents 
follow the same tendency as the typical mass uptake curve of a liquid/polymer system. 
However, the nature of the penetrant seems to have a substantial influence on the extent of 
sorption at equilibrium. Indeed, the methanol pattern of mass gain starts with a high rate then 
levels off at about 495 min. The same behavior was noted for the isopropanol curve except 
that equilibrium state was reached at around 540 min of immersion time. A more significant 
effect is observed on the solubility coefficient. Indeed, while methanol attains saturation at 
(20.7 ± 1.7) % of mass uptake in RCN/1, isopropanol does so at (13.4 ± 0.9) %, for the same 
nanocomposite and same immersion time of 850 min. An intermediate value is exhibited by 
ethanol. Similar conclusions are reported in a study involving solubility and diffusion of a 
number of hydrocarbons through poly(dimethyl-siloxane) (Cocchi, De Angelis et Doghieri, 
2015). The authors state that the molar solubility is inversely proportional to the penetrant’s 
chain length. And as the solubility is governed by entropic effects, polymeric chain segments 
exhibit higher affinity to smaller molecules. A related point to consider is that the solubility 
is clearly affected by the presence of nanoclays, namely in the case of methanol. Further 
inspection of this will be provided in upcoming sections. Let us consider the evolution of the 
gap of sorption between the solvents as a function of temperature. Starting with ethanol and 
isopropanol, it is noted that isopropanol molecules are less taken up by about 4% by the 
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RCN/1 sample than the ethanol molecules at room temperature. This gap lessens as 
temperature increases until almost vanishing at 70°C within the interval of measurement 
error. Surprisingly, methanol seems to exhibit a less systematic behavior. The associated 
solubility coefficient increases as temperature increases as expected, but at a lower rate 
(around 5% per 15°C) compared to the other solvents. As a result, the sorption of methanol 
attains saturation at 32.8%, which is more than 10% lower than isopropanol. 
 
 
Figure 4-2. Mass uptake of NBR/P and RCN for different nClays in isopropanol at 
different temperatures. 
Line styles refer to Temp.: (···) 23°C, (− −) 40°C, (− ··) 55°C and (−−) 70°C 


















Figure 4-3. Mass uptake of NBR/P and RCN for different nClays in different 
solvents at 23°C. Line styles refer to: (···) isopropanol, (− −) ethanol  
and (−−) methanol 
Legend :(×) NBR/P, (□) RCN/0, (○) RCN/1 and (△) RCN/2 
 
Tableau 4-2. Solubility coefficients (S) of NBR/P and RCNs in methanol, ethanol and 
isopropanol at four different temperatures (23, 40, 55 and 70°C) 
Solvent T° NBR/P RCN/0 RCN/1 RCN/2 
Methanol 
23°C 20.63 21.03 18.47 19.25 
40°C 27.36 26.46 24.62 26.54 
55°C 34.42 32.45 29.15 31.34 
70°C 39.81 36.26 32.82 34.85 
Ethanol 
23°C 12.99 13.64 14.14 13.22 
40°C 22.47 21.63 22.27 23.04 
55°C 33.19 33.47 36.97 36.84 












Tableau 4 2. (Suite) 
Isopropanol 
23°C 10.28 10.82 12.50 11.30 
40°C 18.91 18.80 19.69 20.59 
55°C 30.08 28.76 28.24 29.83 
70°C 44.16 45.41 43.61 46.72 
 
The permeability of low molecular weight substances through a membrane structure involves 
matter migrating from one side to the other. For organic dense elastomeric matrices, a 
conceptual understanding of the phenomena is to say that this transport process combines the 
sorption of the small penetrants into the membrane’s surface followed by the diffusion by 
concentration gradient through the structure. Permeability is thus intrinsically linked to the 
ratio of the total path length travelled by the penetrant molecules over the thickness of the 
specimen. Diffusion and solubility are expected to be affected by the addition of inorganic 
and impermeable fillers in the polymeric matrix, such as clay nanoparticles. In effect, fillers 
act as obstacles forcing the penetrant molecules to work around them, increasing the 
tortuousness of available pathways. In addition, the presence of lamellar structure fillers, as is 
the case with nanoclays, is believed to modify the alignment of the adjacent polymeric 
macromolecules. This morphological modification results in an indirect alteration of the 
permeation mechanism (Manias, 2007). From a phenomenological perspective, a high degree 
of tortuosity is reached by increasing the specific surface of the filler capable of creating a 
maze path that slows down molecular penetration. In the case of nanoclays, specific surface 
enhancement, while keeping low filler loading, is only possible by increasing the extent of 
dispersion. RCNg/1 is a maleated nanocomposite that was synthetized in our previous work. 
It exhibited a higher state of dispersion compared to conventional RCN/1. In what follows, 
molecular transport characteristics are investigated according to the structural properties of 
the nanocomposite. In every case, results are compared to the unfilled rubber matrix. 
 
Figure 4-4 displays percent mass uptake curves of NBR/P, RCN/1 and RCNg/1 in methanol 
at 40°C and 70°C. For both temperatures, a consistent trend can be observed; solubility 
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coefficient in methanol decreases with the presence of layered silicate fillers (RCN/1), the 
coefficient is even lower with maleated nanocomposite (RCNg/1). At 40°C, sorption of 
methanol is reduced from 30.2% to 26.6% with the addition of nClay/1 in the conventional 
nanocomposite. Mass uptake at saturation drops by an additional 4% after maleation of the 
nanocomposite. At 70°C, the effect of the nanoclay is more pronounced. The difference in 
mass percent uptake between NBR/P and RCN/1 decreases twofold compared to sorption 
data at 40°C. However, sorption is slightly reduced during maleation. 
 
For all three materials, the effect of the penetrant’s nature is also examined and the associated 
sorption data in methanol and isopropanol at 55°C are displayed in Figure 4-5. The same 
previously observed tendency appears preserved. For methanol, sorption data for the three 
materials follow the same behavior observed at 40 and 70°C. It can even be observed that the 
sorption pattern follows the trend of high temperatures and is closer to that examined at 
70°C. The solubility coefficient values lay in the intermediate zone between the coefficients 
associated to 40 and 70°C. Interestingly, higher molecular volume penetrants deviate from 
the previous bias. In actual fact, sorption at equilibrium in isopropanol barely decreased 
while loading with nClay/1. Nevertheless, a drop of about 5% is clearly spotted with the 
maleated nanocomposite. Not shown in the figure but worth mentioning, ethanol sorption 




Figure 4-4. Comparison of mass uptake of NBR/P, RCN/1 and RCNg/1  
in methanol at 40°C and 70°C 
 
 
Figure 4-5. Comparison of mass uptake of NBR/P, RCN/1 and RCNg/1  






































4.6.2 Mass transfer mechanism 
Let us investigate the molecular transport phenomenon from a mesoscopic point of view and 
let us only consider the diffusion phase of the process. It was stipulated that a net mass 
transport within a polymeric medium takes place from the high to low concentration spot. In 
this statistical approach, only the mean displacement of all involved penetrant molecules 
from their starting to ending positions is considered. But when considering individual 
molecules, the diffusion of each particle consists of a random constant motion from one free 
volume to another with no privileged direction. Free volumes are the result of polymeric 
chain entanglement. These tiny holes appear and disappear at the same rate as the penetrant 
molecule displacements. Diffusion is thus dictated by the redistribution of the unoccupied 
volume (Baker, 2012). Thus, the diffusion mechanism of a penetrant/polymeric system is 
classified depending on the molecular penetration rate compared to the mobility of the 
polymeric macromolecules. Being thermo-dependent, the diffusion behavior is expected to 
vary as the temperature varies. In addition, the diffusion process relies on the relaxation of 
the polymeric segment, which consequently, is believed to be affected by the molecular 
volume of the penetrant. 
 
The empirical relation expressed by equation (4.3) was chosen to numerically estimate the 
diffusion mode of the systems investigated in this study. A very good correlation is obtained 
for all regressions (R2 > 0.98). Tableau 4-3 summarizes the entire set of diffusion mechanism 
index n, as well as interaction factor K of NBR/R and the three RCNs with all three solvents 
at the four previously listed temperatures. A few key observations are worth pointing out. It 
may be noted that the values of the factors exhibit systematic increase as temperature 
increases. This supports the premise of increased polymer/solvent interaction. The same 
trend is confirmed for all the solvents. As indicative information, the interaction factor of the 
RCN/1/isopropanol system goes from (52 ± 4) to (213 ± 17) ×10-3 g·g-1·min-n within the [23, 
70°C] temperature interval. Furthermore, the K factor varies linearly along with the 
temperature with a slope of about 54×10-3 g·g-1·min-n/15°C. An exception was observed with 
methanol, K rises with the temperature until 55°C then drops slightly at 70°C. When 
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investigating the solvents in this regard, no obvious correlation is noted between the 
magnitude of K and the nature of the penetrant alcohol. This result is understandable since all 
three solvents exhibit similar chemical structures and no different interactions are expected 
with the polymeric materials. This tendency is also noticed with all conventional 
nanocomposites (RCN/0, RCN/1 and RCN/2), but nothing can be said about the influence of 
the nature of the nanoclay on this parameter. To emphasize the influence of nanoclays in 
conventional and maleated nanocomposites, the associated least-square estimations of K with 
methanol are depicted in Figure 4-6 from 23 to 70°C. It clearly shows that the presence of the 
nanoparticles intensifies K up to 55°C suggesting an increase of the matrix/solvent 
interaction due to the presence of the filler. Thereafter, a substantial drop in the interaction 
parameter is witnessed after the maleation of the nanocomposite. The data at 70°C  
are an exception. 
 
Let us shed light on the diffusion mechanism index under the described considerations. Still 
from data presented in Tableau 4-3 and starting with the effect of temperature, a general 
remark can be made. Factor n diminishes slightly as temperature increases. The deduction is 
valid for all solvents except for methanol at 70°C. The index varies in a general way from 
around 0.5 at 23°C up to values approaching 0.3 at 70°C. Although below 0.5, this 
mechanism is still classified as Fickian and it is generally termed as sub-Fickian behavior. In 
Fickian mode, the rate of chain-segment relaxation is higher than the rate of the penetrant 
diffusion. The drop of the diffusion behavior index involves an increase in macromolecule 
mobility. According to the results, this mobility is induced by the elevation of the 
temperature. Considering data from the perspective of the penetrant’s nature, not much can 
be said and there is no systematic evolution with the change in solvent. It is noteworthy, 
however, that the diffusion mechanism is Fickian with all the penetrants and n index laying 
between sub-Fickian and Fickian thresholds. Truthfully, it was expected that the increasing 
molecular volume from methanol to isopropanol would reduce the diffusion rate of the 
penetrants and result in a systematic drop of the mechanism index, which is not the case. 
Indeed, the previous hypothesis was not validated, because the temperature effect was 
omitted. In other words, temperature is the most influential parameter in the mass transfer 
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process. When increasing the temperature, the effect observed is a rise in the segmental 
mobility of the chains, but also an increase in the diffusivity rate of the molecular penetrants. 
At a particular range of temperature, this fact overcomes the effect of the molecular size of 
the penetrant. This conclusion is even more pronounced when the results that follow are 
investigated. To demonstrate the impact of nanoclay fillers on the diffusion mechanism, n 
index of NBR/P, RCN/1 and RCNg/1 is estimated with all solvents at all temperatures. An 
example of the data is shown at 40°C with the three solvents in Figure 4-7. The neat nitrile 
rubber exhibits the lowest diffusion mechanism index. The associated values are (0.37 ± 
0.01), (0.45 ± 0.02) and (0.41 ± 0.02) with methanol, ethanol and isopropanol, respectively. 
With the addition of clay nanoparticles, there is no noticeable change. The n index barely 
increased and diffusion still obeys Fick’s law. This applies to all present solvents. Interesting 
behavior was observed with the maleated nanocomposites: associated diffusion indexes show 
substantial increases. The n values reach a maximum of (0.58 ± 0.05) with ethanol and 
isopropanol. Therefore, the diffusion mechanism deviates from Fickian to anomalous 
behavior. In fact, over the delamination of the layered silicate nanoparticles and the 
dispersion of the inorganic nano-platelets in the polymeric structure, a restriction of the 
segmental chain mobility in the polymeric medium occurred. In this configuration, lamellar 
silicates have a similar effect to crystals in glassy polymers. Finally, it should be noted that 
the described pattern only occurs within a restricted temperature range: 40 to 55°C. 
 
Tableau 4-3. Diffusion mechanism index and constant K of NBR/P and RCNs with methanol, 
ethanol and isopropanol at four different temperatures (23, 40, 55 and 70°C) 
  ݊ ܭ (×10-3) 
Solvent T° NBR/P RCN/0 RCN/1 RCN/2 NBR/P RCN/0 RCN/1 RCN/2 
Methanol 
23°C 0.47 0.45 0.46 0.43 69 82 88 94 
40°C 0.38 0.41 0.39 0.43 137 145 170 143 
55°C 0.36 0.36 0.38 0.39 211 251 255 230 
70°C 0.35 0.61 0.62 0.61 227 167 175 167 
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Tableau 4 3. (Suite) 
Ethanol 
23°C 0.51 0.45 0.59 0.57 42 62 38 34 
40°C 0.46 0.43 0.46 0.47 88 98 94 95 
55°C 0.34 0.30 0.32 0.30 171 190 194 203 
70°C 0.30 0.29 0.32 0.33 195 237 216 198 
Isopropanol 
23°C 0.46 0.54 0.51 0.52 59 42 52 45 
40°C 0.42 0.37 0.44 0.44 110 144 108 119 
55°C 0.41 0.42 0.42 0.44 149 152 159 128 
70°C 0.32 0.32 0.32 0.32 210 235 213 204 
 
 
Figure 4-6. Constant ܭ of NBR/P, RCN/1 
and RCNg/1 with methanol at 23, 40, 55 
and 70°C 
 
Figure 4-7. Diffusion index of NBR/P, 
RCN/1 and RCNg/1 with all solvents 
at 40°C 
 
4.6.3 Diffusion coefficient and permeability 
The diffusion mechanisms of the systems under investigation are demonstrated to be more or 
less Fickian. Dynamic solvent uptake is therefore expected to exhibit linear dependence, for 
short durations, to the normalized square root of time. Hence, a fine approximation of the 






























4-8 shows histograms of the overall diffusion coefficients of NBR/R and the three RCNs 
with methanol, ethanol and isopropanol at the four formerly designated temperatures. Several 
comments can be made based on the data presented. Firstly, a clean and concise 
augmentation of the diffusion coefficients appears as the temperature increases from 23 to 
70°C. The trend is observed with all polymer/solvent systems. Temperature seems to 
intensify every aspect related to the molecular migration process. The most pronounced 
variation is associated to the smallest molecular penetrant. For instance, the D coefficient of 
RCN/1/methanol surges from (2.7 ± 0.3) ×10-8 cm2·s-1 at 23°C to (28.2 ± 1.1) ×10-8 cm2·s-1 at 
70°C. A similar tendency is observed with ethanol and isopropanol, but the rate of variation 
is smaller. For example, when the temperature rises from 23 to 70°C with isopropanol, the 
diffusion coefficient increases from (1.6 ± 0.2) ×10-8 cm2·s-1 to (7.5 ± 0.3) ×10-8 cm2·s-1, 
respectively. Consequently, a systematic behavior is deduced with the variation of the 
penetrant size. Indeed, Figure 4-8 clearly shows a strong reduction of coefficient D as the 
molecular volume of the penetrant increases. The diminution appears to follow a logarithmic 
pattern and the observation remains valid for all temperatures. The findings are in agreement 
with research carried out on aromatic hydrocarbons (Rusina, Smedes et Klanova, 2010). The 
same observations are reported in the work of Moller et al. on the diffusion of phenols 
(Möller et Gevert, 1994) and the logarithm of D was found to linearly decrease as the 
molecular size increased. This results from the geometric requirements of the penetrant 
molecule based on the penetration process governed by a “jump to a free volume” 
mechanism. It should be noted that the molecular size of the penetrants is assimilated to the 
molecular volume since there is no significant variation of bond angles or chain 
conformations between the molecules of the investigated solvents. Isopropanol shows the 
lowest D values. A related point to consider is that isopropanol has a branched structure. 
Previous studies show that linear molecules exhibit higher diffusivity and any ramification in 
the structure is expected to restrain movement and decrease their diffusion coefficient 
(Aminabhavi et Khinnavar, 1993). Incidentally, diffusivity can also be correlated to the 
penetrant solvent’s viscosity. In alcohols, viscosity systematically increases as the amount of 
atom carbons in the structure increases. Studies by Vahdat et al. establish a reciprocity 
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between the diffusion coefficient and the viscosity of solvents in elastomeric systems 
(Aminabhavi et Phayde, 1995). 
  
Figure 4-8. Diffusion coefficients of methanol, ethanol and isopropanol in NBR/P, RCN/0, 
RCN/1 and RCN/2 at 23°C, 40°C, 55°C and 70°C 
 
The following section investigates the effect of the presence of nanoclays on the diffusion 
coefficients. Since the early works of Nielsen, filled polymeric matrices with inorganic 
layered silicates are suggested to increase the tortuous path of the diffusing molecules. The 
proposed model is supposed to result in filled materials having enhanced barrier properties 
(Tan et Thomas, 2017). This theoretical approach is only valid when considering nanoclay 
fillers as impermeable and as having perfectly separated nano-platelets that are totally 
aligned perpendicularly to the diffusion direction. In Figure 4-9, the diffusion coefficients of 
NBR/P, RCN/1 and RCNg/1 with methanol are compared at four temperatures. The diffusion 
coefficients of the same materials in methanol, ethanol and isopropanol at 23°C are presented 
in Figure 4-10. In general, temperature and molecular volume have the same previously-
described effects on all three materials. D increases exponentially as temperature increases 
with respect to Arrhenius’ relation and decreases in logarithmic fashion as the penetrant 
molecular volume linearly increases. Interestingly, randomly filled nanocomposites exhibit 
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solvents and at all temperatures. For instance, the diffusion coefficient of methanol in RCN/1 
at 70°C doubles with NBR/P in the same conditions. This observation is directly associated 
to the poor state of dispersion of the nanoclays in the matrix. In fact, it was shown in our 
former work that RCN/1 exhibited weak interfacial interaction with the rubber chains due to 
chemical incompatibility and lack of affinity. During the diffusion process, penetrant 
molecules are believed to accumulate in the nanoclay/polymer interfacial zone. From there, 
the penetration mechanism is established through the communication of the charged cavities, 
which is thought to cause the increase in the rate of diffusion. More interestingly, the 
diffusion coefficient with the three solvents and at the four temperatures is witnessed to 
encounter a substantial drop during maleation of the nanocomposite. 
 
 
Figure 4-9. Diffusion coefficient of 
NBR/P, RCN/1 and RCNg/1 with 
methanol at 23, 40, 55 and 70°C 
 
Figure 4-10. Diffusion coefficient of 
NBR/P, RCN/1 and RCNg/1 with all three 
solvents at room temperature (23°C) 
 
To use an example from Figure 4-9, D in methanol at 55°C goes from (21.3 ± 1.0) ×10-8 
cm2·s-1 to (6.6 ± 0.7) ×10-8 cm2·s-1. The reduction in diffusivity is a result of the nanoclays’ 
improved state of dispersion, increasing the pathways of the penetrant. Moreover, the 
enhancement of the compatibility between the layered silicates and the rubber medium 





























When the diffusion mechanism obeys Fick’s law and the sorption process is governed by 
Henry’s rule, the overall permeability of the solvent/membrane system can be determined by 
multiplying the coefficients of diffusion and solubility. As previously seen, diffusion slightly 
deviates from the Fickian mode under certain circumstances. Therefore, permeation 
coefficients calculated in this study are only considered as estimations. An obvious 
observation is that P values exhibit the same tendencies as diffusion coefficients for a given 
penetration system. 
 
4.6.4 Concentration profiles 
Probing the depth of liquid penetration in the membrane structure is valuable information for 
industrial purposes. However, sensing molecular penetration in a dense material over time is 
technically challenging and requires sophisticated equipment to obtain reliable data. After 
demonstrating that mass transfer in the systems under investigation are predominantly ruled 
by Fickian laws, an approximation of the penetrant concentration profile can be drawn based 
on the solution of Fick’s second law, expressed by equation (4.7). In Figure 4-11 (a), 
concentration patterns of methanol in RCN/1 are displayed along the membrane’s half-
thickness at 23, 40, 55 and 70°C. It is noticed that at room temperature, the penetrant starts to 
penetrate the membrane at the exposed surface where the concentration should be at its 
maximum. Penetration continues until it reaches the centre at about 10 min of immersion 
time. Meanwhile, the concentration of methanol attains 85% of its limit at 70°C. The 
evolution of methanol concentration at the specimen center does not seem to follow a 
systematic trend. The concentration rises by a whole 55% by only increasing the temperature 





Figure 4-11. Concentration profiles of: 
(a) methanol diffusion in RCN/1 at 23, 40, 55 and 70°C for 10 min of immersion time 
(b) methanol in NBR/P, RCN/1 and RCNg/1 at 23 and 70°C for 30 min 




In order to visualize the effect of the nanoclays on the penetration patterns of methanol, 
ܥ(ݔ, ݐ) ܥ௜௡௙⁄  curves associated to NBR/P, RCN/1 and RCNg/1 at 23 and 70°C are 
presented in Figure 4-11 (b). The graph indicates that after 30 min of immersion, less than 
10% of the liquid reaches the core of the tested samples. There is no significant variation 
between the three materials worth reporting. However, it should be mentioned that the 
values of concentration follow NBR/P< RCNg/1< RCN/1. At 70°C, the same order is 
maintained with an enlargement of the concentration gap at the center between the three 
materials. For instance, when the conventional nanocomposite achieves 95% of the 
concentration at equilibrium, the concentration of the maleated nanocomposite is 10% 
lower for the same immersion time of 30 min. Lastly, the analytical modeling of the mass 
transfer process makes it possible to infer the evolution of the penetrant’s presence at the 
center of the sample over time. Hence, Figure 4-11 (c) displays curves of ܥ(ݔ, ݐ) ܥ௜௡௙⁄  of 
methanol as a function of the membrane at half-thickness at room temperature for 
different time lapses ranging from 50 to 800 min. The concentration of methanol in the 
rubber matrix increases until reaching a maximum at 800 min. At this state of saturation, 
the concentration of the penetrant equals its initial concentration on the interface, and this 
in every point of the sample structure. 
 
4.7 Conclusions 
Achieving a high level of layered silicate dispersion in a nitrile rubber-based nanocomposite 
is quite challenging. Physical mixing of the nanometric fillers with the elastomeric matrix 
does not guarantee enhanced barrier properties. In our previous work, a specially made 
nanocomposite with a high degree of exfoliation was developed with maleation. In the 
present study, the chemical resistance of this maleated nanocomposite was compared to that 
of a conventional filled-material at four different temperatures ranging from 23 to 70°C.  
 
Mass uptake experiments based on a gravimetric technique were adopted to assess mass 
transport characteristics in three alcohols: methanol, ethanol and isopropanol. With all 
materials and regardless of the immersion medium, findings show a substantial increase of 
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molecular transport parameters with the increase in temperature. These parameters were also 
found to be inversely proportional to the molecular volume of the penetrant, the only 
exception being methanol at 70°C. When it came to filling the rubber matrix with nanoclays, 
the sorption at equilibrium decreased proportionally with the concentration of filler. The 
decrease was seen to be intensified with the nanoclays’ enhanced state of dispersion. 
Conversely, diffusivity was clearly noticed to be more sensitive to the morphological 
properties of the nanocomposite. The presence of bulky fillers within the elastomeric system 
seemed to negatively affect the diffusion coefficient, which was observed to increase with the 
addition of 5% of nanoclays, after which, a substantial decrease in diffusivity was witnessed 
during maleation. The permeation coefficient behaved in the same way and followed the D 
coefficient pattern. Although slightly altered by the presence of nano-fillers, the diffusion 
mechanism in all solvents kept behaving in a Fickian mode, which gives more credibility to 
our calculation of mass transfer kinetics, using approximations from models of Fick’s law.  
 
The maleated nanocomposite succeeded in enhancing the barrier properties of the native 
nitrile rubber to some extent. However, more work must be done to optimize the developed 
material. In addition, more sophisticated techniques must be used to accurately probe 
molecular migration characteristics through the polymeric structure. Moreover, temperature 
was seen to have a substantial effect on all parameters of mass transport. Therefore, a 




 SYNTHÈSE DES RÉSULTATS ET CONCLUSIONS 
 
Réussir la synthèse, la délamination, la dispersion et l’orientation des nanoargiles dans la 
structure polymérique est un facteur clé pour améliorer les propriétés d’un nanocomposite. 
Cette thèse a consisté à développer des matériaux nanocomposites, à base de caoutchouc 
nitrile, chargés par des nanoargiles lamellaires, avec des propriétés barrières optimisées. La 
démarche suivie est divisée en trois phases. D’abord, les procédures expérimentales 
permettant de synthétiser les nanocomposites ont été établies, étapes qui seront suivies par le 
contrôle de leur morphologie en termes de dispersion et d’orientation des nanoargiles au sein 
de la matrice polymérique. Ensuite, il s’agit d’optimiser la morphologie des nanocomposites 
par application de modifications chimiques sur la structure des chaines élastomères ainsi que 
sur les surfaces des lamelles nanoargile afin d’augmenter l’affinité chimique entre les 
nanoparticules et la matrice. Enfin, les propriétés barrières des nanocomposites optimisés à la 
pénétration de solvants organiques ont été évaluées. 
 
L’ajout de nanoargiles dans la structure du caoutchouc nitrile par un simple mixage 
mécanique ne garantit pas l’obtention d’un nanocomposite. Cela est dû aux forces de Van der 
Waals qui relient les lamelles silicates au sein d’une particule ainsi qu’à la tendance des 
nanoargiles elles-mêmes à s’agglomérer. Trois techniques parmi les plus répandues dans la 
littérature ont été testées pour la synthèse de nanocomposites étudiés : i) mélange en solution, 
ii) mise en forme par mixage et iii) mise en forme par extrusion. Des nanoargiles de grade 
commercial traitées par un surfactant organique sont utilisées comme charge de renfort. La 
diffractométrie aux rayons X a montré que les lamelles silicates se sont espacées de près de 6 
Å dans la matrice ce qui prouve l’intercalation des chaines élastomères dans l’espace 
interlamellaire. La mise en forme par extrusion produit une intercalation légèrement plus 
étendue que les autres techniques. Les observations par TEM confirment la morphologie 
décrite et montrent en plus une certaine délamination qui se traduit par la présence de 
lamelles individuelles. En outre, des analyses par diffusion des rayons X aux petits angles ont 
montré une orientation aléatoire des nanoargiles dans les nanocomposites produits par 
mixage et par solution. Toutefois, un alignement des nanoargiles selon les directions latérales 
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de la membrane est observé dans le nanocomposite extrudé. L’apparition d’un tel ordre est 
due aux forces de cisaillement appliquées sur l’échantillon par la buse de l’extrusion. Une 
analyse plus fine a montré que l’orientation est non homogène dans la structure de l’extrudat 
et l’alignement est privilégié sur les surfaces du matériau. Les propriétés barrières des 
nanocomposites obtenus ont été évaluées afin de les corréler aux modifications 
morphologiques observées. Les résultats ont montré que la prise de masse à l’équilibre a 
diminué de 13% avec un nanocomposite mixé et de 17% avec un nanocomposite extrudé. 
Les échantillons produits par mélange en solution ont présenté des valeurs intermédiaires. 
Afin de comprendre l’effet des paramètres de mise en forme dans le mixeur sur les propriétés 
barrières, les coefficients de cinétique de transport ont été mesurés pour des temps de 
résidence allant de 5 à 25 min et pour des contraintes de cisaillement allant de 25 à 155 N⋅m. 
Il a été montré que la diffusivité ainsi que la perméabilité au sein du nanocomposite décroit 
en fonction de l’augmentation du temps de mixage. De même, ces coefficients diminuent en 
augmentant la contrainte appliquée jusqu’à atteindre un maximum à 95 N⋅m. 
 
Selon les résultats présentés au chapitre 2, les paramètres de la mise en forme ne sont pas 
suffisants pour exfolier les nanoargiles dans la structure nanocomposite. Dans le chapitre 3, 
la compatibilité entre la matrice en caoutchouc nitrile et les nanoargiles a été optimisée afin 
de favoriser l’intercalation. Plus des deux tiers de la macromolécule associée est hydrophobe 
à cause de la structure chimique du polybutadiène, ce qui limite sa diffusion dans l’espace 
interlamellaire des nanoargiles. L’idée consiste à rendre la section décrite plus hydrophile en 
greffant un monomère à polarité élevée comme de l’anhydride maléique. D’autre part, deux 
types de nanoargiles organiquement modifiées, en plus des nanoargiles non traitées, ont été 
utilisées. L’ensemble des nanocomposites produits sont mis en forme par extrusion afin de 
maintenir l’orientation des nanoargiles. Avant la synthèse, une étude thermogravimétrique a 
été menée afin de s’assurer de la stabilité des agents tensioactifs qui sont soumis aux 
contraintes thermiques de la mise en forme. Les courbes TGA et celles de leurs dérivées ont 
montré que les tensioactifs ne se dégradent pas en dessous de 200°C et que les 
nanocomposites sont stables dans les conditions d’extrusion à 160°C. De plus, une analyse 
FTIR a été effectuée pour s’assurer du greffage du MA sur la chaine élastomère. Les spectres 
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obtenus ont montré des indices prouvant la présence du monomère greffé sur la section 
polybutadiène. Ensuite, l’effet des modifications chimiques sur la morphologie des 
nanocomposites a été examiné en croisant les résultats de trois techniques. En premier lieu, 
des analyses XRD ont montré que les tensioactifs terminés par des groupes hydroxyles 
assurent l’intercalation la plus étendue. En outre, la présence du MA a causé la quasi-
disparition des pics de réflexion avec toutes les nanoargiles. Un résultat qui montre que les 
nanoargiles ont perdu leur structure empilée et qu’une morphologie exfoliée est susceptible 
d’être présente. En second lieu, une analyse EDX couplée à un MEB de haute résolution a été 
menée afin d’avoir un aperçu plus clair sur l’état de dispersion des nanoargiles. La 
représentation cartographique a prouvé la réduction de la taille des agglomérations et 
l’amélioration de l’homogénéité de la dispersion des nanoargiles en présence de MA. En 
dernier lieu, une observation localisée par TEM a permis la distinction d’une morphologie 
combinée intercalée/exfoliée. En effet, les micrographes ont montré d’une part la présence de 
lamelles individuelles et ont confirmé d’autre part les données de XRD sur la distance 
interlamellaire. L’orientation des nanoargiles est aussi discutée dans le chapitre 3 à travers 
une approche tridimensionnelle en se basant sur des résultats stéréographiques de SAXS. 
L’alignement est privilégié dans le sens de l’extrusion ainsi que le sens qui lui est tangentiel. 
 
Dans le chapitre 4, les nanocomposites conçus avec un état d’exfoliation amélioré sont repris 
pour évaluer leurs propriétés barrières face à des solvants organiques. La résistance chimique 
des nanocomposites greffés en MA est comparée à celle d'un nanocomposite conventionnel à 
quatre températures différentes allant de 23 à 70°C. Des tests de prises de masse basés sur 
une technique gravimétrique ont été réalisés pour évaluer le transfert de masse à travers les 
échantillons, de trois alcools : le méthanol, l'éthanol et l'isopropanol. Avec tous les matériaux 
et quel que soit le milieu d'immersion, les résultats ont montré une augmentation 
substantielle des paramètres de transport moléculaire avec l'augmentation de la température. 
Ces paramètres se sont également révélés inversement proportionnels au volume moléculaire 
du pénétrant, la seule exception étant le méthanol à 70°C. Il a été montré également que la 
sorption à l'équilibre a diminué proportionnellement avec l’augmentation de la concentration 
des nanoargiles dans le système. Il est à constater que la diminution de la sorption s’est 
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intensifiée avec l’amélioration de la dispersion des nanoargiles. Sur le côté opposé, la 
diffusivité est clairement plus sensible aux propriétés morphologiques du nanocomposite. En 
fait, la présence de nanoargiles en tactoïdes au sein de la matrice semble affecter 
négativement le coefficient de diffusion, dont l'augmentation a été observée avec l'ajout de 
5% de nanoargiles. Ensuite, une diminution substantielle de la diffusivité a été observée au 
cours de l’ajout de MA. Le coefficient de perméation se comporte de la même manière et suit 
le coefficient de diffusion. Bien que légèrement modifié par la présence de charges 
nanométriques, le mécanisme de diffusion avec tous les solvants reste Fickien, ce qui permet 
un calcul de la cinétique de transfert de masse basé sur des approximations de la seconde loi 
de Fick. Le nanocomposite greffé améliore les propriétés barrières du caoutchouc nitrile. 
 
Pour conclure, la modification chimique de la structure élastomère par anhydride maléique 
combinée avec la fonctionnalisation des nanoargiles a permis l’obtention d’une morphologie 
homogène du nanocomposite. La dispersion des nanoargiles est améliorée, et les états exfolié 
et intercalé coexistent dans la structure. D’autre part, l’optimisation des paramètres de mise 
en forme a assuré un certain alignement des lamelles nanoargiles dans la membrane. Les 
modifications apportées aux nanocomposites ont des répercussions directes sur ses propriétés 
barrières. Des améliorations significatives ont été mesurées sur les paramètres de la cinétique 




LIMITATIONS, RECOMMANDATIONS ET PERSPECTIVES 
L’objectif de la thèse est d’optimiser les propriétés barrière d’un nanocomposite en 
caoutchouc nitrile à travers l’optimisation de la dispersion et de l’orientation des nanoargiles 
dans sa matrice. L’exfoliation n’est pas optimale, mais un état combiné entre exfolié et 
intercalé est bel et bien obtenu. Certains paramètres auraient pu être mieux optimisés comme 
par exemple la vitesse de rotation des vis en extrusion afin d’améliorer l’exfoliation des 
nanoargiles. 
 
Cependant, une augmentation de la température dans le baril d’extrusion risque de dégrader 
le matériau et les tensioactifs. La présence du MA fait augmenter la viscosité du 
nanocomposite ce qui le rend difficile à extruder et augmente la pression dans l’extrudeuse. 
Une teneur plus élevée en MA fait perdre à l’élastomère son intégrité et la mise en forme est 
rendue impossible à une concentration au-delà de 2,5%. 
 
Des limitations technologiques sont apparues lors de la caractérisation morphologique du 
nanocomposite. En effet, l’analyse TEM est un outil assez puissant pour observer 
directement la microstructure et identifier la configuration morphologique des nanoargiles 
dans la matrice. Cependant, l’analyse est très localisée et les observations effectuées ont 
seulement servi pour confirmer les constatations des analyses XRD. Une étude quantitative 
basée sur un échantillonnage représentatif des zones observées permettrait un complément 
d’information sur la morphologie des nanocomposites. 
 
Des informations complémentaires sur les propriétés de transfert de masse auraient pu être 
apportées à l’aide d’une cellule gravimétrique respectant la norme ASTM F 1407. Cette 
norme consiste à évaluer la perte de masse causée par l’évaporation du solvant pénétrant dans 
une cellule spécialement conçue est capable de fournir des informations additionnelles 
comme le temps de claquage de la membrane et le taux de perméation. Toutefois, des 
problèmes majeurs d’étanchéité n’ont pas permis d’aboutir et les résultats obtenus se sont 
avérés non exploitables. 
130 
Les résultats obtenus ainsi que les interprétations fournies dans cette étude laissent entrevoir 
plusieurs recommandations. D’autres paramètres de mise en forme peuvent avoir un effet 
direct sur l’orientation des nanoargiles dans la matrice. Certains peuvent être optimisés (la 
température de pressage, la pression appliquée et le temps de maintien). En outre, il est 
vivement conseillé d’optimiser l’épaisseur de l’orifice de la buse rectangulaire d’extrusion. 
En effet, un orifice trop large risque de ne pas produire assez de contraintes de cisaillement 
pour agir sur l’orientation des lamelles et un profil d’alignement sera seulement obtenu sur 
les surfaces, un orifice trop mince conduit à l’obtention d’un extrudât qui s’épaississe à la 
sortie. La caractérisation de la morphologie des nanocomposites peut être grandement 
enrichie par une étude rhéologique. La réponse rhéologique du nanocomposite est susceptible 
de montrer un comportement pseudo-solide dans la région des basses fréquences, ce qui 
reflète l’élasticité du réseau des lamelles nanoargiles. La quantification de l’étendue de 
l’exfoliation peut s’évaluer à travers la contrainte seuil qui découle de l’intensité du 
comportement d’élasticité. De plus, on a constaté que la température avait un effet important 
sur tous les paramètres du transport de masse. Par conséquent, une étude thermodynamique 
des phénomènes de migration moléculaire mérite d'être menée. En dernier lieu, plus qu’une 
recommandation peut être fournie à l’égard de l’évaluation des propriétés barrières. D’abord, 
il est préconisé de suivre les tests de prise de masse par des mesures de désorption. Après 
avoir atteint son équilibre de sorption, l’échantillon nanocomposite se place à l’air libre sur 
une balance et la variation de sa masse est suivie en fonction du temps. La technique permet 
d’évaluer le taux d’évaporation et ainsi déterminer le coefficient de désorption du matériau. 
En outre, et par corrélation avec la méthode de prise de masse, l’évaluation de la variation du 
volume d’un échantillon à son immersion dans le solvant pénétrant permet d’aboutir à une 
approximation des paramètres de la cinétique de transport. L’avantage de cette méthode 
réside dans la possibilité de l’automatiser. En effet, le suivi de l’évolution volumique peut 
s’effectuer par l’acquisition au fil du temps des données d’une caméra numérique. Enfin, le 
phénomène de diffusion peut être sondé de plus près par spectroscopie infrarouge à 
réflectance totale atténuée. L’idée consiste à détecter dynamiquement des groupes 
fonctionnels caractéristiques du pénétrant en suivant son évolution dans la membrane testée 
au fil du temps. 
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Suite à ce projet, certaines perspectives peuvent être envisagées. Dans la présente thèse, 
l’approche adoptée pour améliorer les propriétés barrières du nanocomposite consiste à créer 
un chemin tortueux qui ralentit la diffusion du pénétrant. Une autre approche est à explorer. 
Il est connu que la majorité des polymères sont immiscibles les uns dans les autres. Mélanger 
le caoutchouc nitrile avec un deuxième polymère dans des proportions soigneusement 
choisies est susceptible de créer une morphologie co-continue. Une telle morphologie assure 
la présence d’une interface continue entre les deux phases. Arriver à loger et aligner les 
lamelles nanoargiles dans la zone interfaciale est susceptible de s’opposer à la pénétration 
d’un solvant. Dans cette optique, la rhéologie sera un outil puissant pour vérifier la formation 
d’un réseau tridimensionnel de percolation des nanoargiles. Cette idée fera l’objet d’un 
article de revue qui sera soumis ultérieurement. Plus loin, réussir à disperser et aligner les 
lamelles nanoargiles dans une matrice polymérique pourra servir à améliorer d’autres 
propriétés du matériau. À titre d’exemple, les minéraux argileux réduisent le transfert de 
chaleur maximal et minimisent la propagation de la flamme. Un nanocomposite à base de 
nanoargile peut substituer en partie un retardateur de flamme tout en maintenant une 
protection adéquate contre les incendies pour une charge ignifuge inférieure et  
moins couteuse. 
 
Les nanocomposites d'argile polymère sont déjà utilisés dans de nombreuses applications. 
Dans le futur, les efforts de recherche devraient se concentrer sur le développement de 
matériaux multifonctionnels. Certes, ces nanocomposites continueront d'être utilisés pour 
améliorer les propriétés mécaniques, d'inflammabilité et de barrière contre les solvants. 
Cependant, les limites fondamentales de la chimie des argiles empêchent leur utilisation dans 
des applications relatives à la conductivité électrique, thermique ainsi que dans les 
applications optiques. Dans le même ordre d'idées, combiner les nanoargiles avec d'autres 
charges nanométriques pour obtenir un matériau multifonctionnel sera probablement 
envisageable dans l'avenir. La combinaison des lamelles argileuses avec des nanotubes de 
carbone, du graphène, ou des points quantiques, pourrait résulter à un nanocomposite 
intéressant doté de propriétés physico-chimiques, thermiques et électriques améliorées, lui 
permettant ainsi de remplacer une multitude de matériaux dans une pièce complexe. 
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Mechanical and physical properties of the rubber material may be affected by swelling when 
brought into contact with solutions of engineered nanoparticles (ENP). As the rubber swells 
in the liquid carrier of the ENP, the polymeric chains of the network expand and the ENP can 
penetrate the structure being carried by the diffusion of the liquid. The aim of this work is to 
assess the influence of ENP and evaluate the effect of additives present in the solutions on 
the diffusion process through a rubbery structure. Swelling of membrane material specimens 
was evaluated by measuring mass gain and liquid diffusion was then deduced. The present 
study focuses on the contact of nitrile rubber membranes with commercial gold ENP (5 nm 
and 50 nm in diameter) and silver ENP (50 nm) in MilliQ water. Swelling tests were also 
conducted with MilliQ water and filtrates (the solutions from which the ENP were extracted). 
Results show that the diffusion coefficients of all the solutions of ENP are slightly different 
and are around 1.2 × 10-10 cm2.s-1. However, it should be noted that these coefficients are 
notably higher for the filtrates and reach 2.4 × 10-10 cm2.s-1 for the filtrate of the silver ENP. 
This result underscores the effect of the ENP on the liquid penetration process. We also 
found that the ENP has a noticeable effect on the Fickian diffusion mechanism of the 
penetrant; it was noticed that the presence of these nanoparticles lowers the diffusion 
mechanism index.  Moreover, the size of the nanoparticles was found to have an impact on 
the diffusion coefficient of the solutions as well as their solubility. These findings help to 
better understand the diffusion phenomenon of the ENP through nitrile membrane materials. 
 




Day after day, the field of nanotechnology offers unprecedented opportunities for progress. A 
broad variety of nanomaterials has been developed, produced and studied. These materials 
are currently used in numerous products and industrial applications. In particular, gold and 
silver engineered nanoparticles have attracted great attention due to their potential 
application in several fields, especially in medical sciences and electronic components (Alex 
et Tiwari, 2015; Haider et Kang, 2015). Gold ENP (AuNP) are already an essential 
component of numerous clinical processes, being used for drug delivery (Kumar, Zhang et 
Liang, 2013), radiotherapy (Hainfeld et al., 2012), biosensing (Hutter et Maysinger, 2013) as 
well as to detect and identify infectious diseases (Lin et al., 2013). Besides, silver ENP 
(AgNP) are well known for their anti-microbiological and anti-infective properties (Griffith 
et al., 2015) and are being incorporated into products ranging from biological sensing and 
catalysts (Li et al., 2013) to optics (Tagad et al., 2013). In their solid phase, ENP are more 
likely to become aerosolized than in their liquid phase, in suspension or in colloidal solution 
form. To overcome the inherent problems relating to their dispersion in the air, these ENP are 
increasingly used in suspension in liquids (Ostiguy et al., 2006). On the other hand, a wide 
range of common applications are currently wholly dependent on synthetic rubber. It is a 
material of countless uses. The potential application areas include filtration, transportation, 
and confection industries (Bhowmick et Stephens, 2000). In many of these applications, for 
example in filtration processes or in the production of packaging, ENP in solution come in 
contact with rubbery membranes. Unfortunately, it is well known that the presence of such 
contact affects the physical and chemical properties of the elastomeric products (Candau, 
Bastide et Delsanti, 1982; Miller-Chou et Koenig, 2003; Starmer, 1993). In fact, when placed 
in contact with the liquid carrier of the ENP, a polymeric structure will absorb a portion of 
the substance and subsequently swell. The swelling of elastomeric materials is a complex 
chemical process, which can be affected by many factors such as liquid and elastomer nature, 
size and shape of the penetrant, and polarity of the polymeric structure (George, knörgen et 
Thomas, 1999; George et Thomas, 2001). In addition, to overcome agglomeration and low 
packing density issues in the ENP suspensions, steric stabilization is performed by adding a 
polymer dispersant to the suspension (Polyvinylpyrrolidone-PVP); polymer chains are 
adsorbed by particle surfaces, extend in water, and physically repel one another (Kraynov et 
Müller, 2011; Shi, 2002). The presence of these additives can affect the swelling phenomena. 
 
The study of the sorption phenomena and transport properties of liquids in elastomers has 
been the object of intensive investigations. An exceptional summary of the earlier theoretical 
research on the molecular transport of liquids into solid polymeric materials can be found in 
a volume by Crank and Park (Crank, 1979; Park et Crank, 1968). More recently, there has 
been pioneering research efforts to find procedures by which transport coefficients of given 
systems can be determined accurately through experiment (Balik, 1996b; George et Thomas, 
2001; Masaro et Zhu, 1999). Several experimental techniques have been used to study the 
solvent transport properties of a polymeric matrix (Hui et al., 1987; Möller et Gevert, 1994; 
Turner et Abell, 1987; Vrtis et Farris, 1996). Of these, the gravimetric method, although 
simple, has been shown by many to yield reliable data (Aminabhavi, Munnolli et Ortego, 
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1996; Joseph, Mathai et Thomas, 2003; Stephen et al., 2006; Zhu et Vesely, 2007). 
Regarding nitrile elastomers, Stamer et al. (Starmer, 1993) studied the sorption and diffusion 
of various liquids through commercial nitrile rubber to determine how its transport behavior 
is affected by the choice of solvent as well as the nature of the polymer. The team shows that 
the swelling curves of the Acrylonitrile-Butadiene Copolymer mainly depend on the molar 
volume of the penetrant. Gravimetric technique also provides valuable information about 
kinetic parameters of the transport process. Aminabhavi et al. studied the transport behavior 
of numerous organic solvents and proposed numerical schemes to calculate diffusion, 
solubility and permeability coefficients as well as the concentration profile of the penetrant 
through rubbery membrane structures (Aithal et Aminabhavi, 1990; Shanthamurthy et 
Aminabhavi, 1990). Furthermore, Perron et al. applied the gravimetric technique on nitrile 
materials used to make disposable protective gloves to assess the kinetics of penetration of 
certain solvents and related mixtures through these nitriles (Perron et al., 2000; Perron, 
Desnoyers et Lara, 2002a). A recent project led by Vinches et al. (Vinches et al., 2015; 
Vinches et al., 2013) was conducted to assess the permeability of nitrile materials used in 
protective gloves to certain ENP in solution. The results validated the penetration of gold and 
titanium dioxide nanoparticles through some nitrile membranes. Up to this point, studies 
have been made on the penetration of these nanoparticle suspensions through nitrile 
membranes, but there is rare knowledge about the transport kinetics of these solutions and 
the effect of their properties on the penetration phenomenon. 
 
The main objective of the present paper is to evaluate the kinetic parameters of commercial 
gold and silver ENP solutions penetration through nitrile glove material using the gravimetric 
method. The effect of the presence of the nanoparticles as well as additives on these 
parameters will also be assessed. 
 
5.3 Materials 
5.3.1 Nanoparticle solutions 
A total of three commercial ENP suspensions were used in this study. Namely, 5 nm and 
50 nm gold ENP as well as 50 nm silver ENP (labeled as AuNP-5, AuNP-50 and AgNP-50 
respectively) were in suspension in MilliQ water. All solutions were purchased from 
NanoComposix, Inc. (San Diego, CA, USA). The concentration for both gold suspensions 
was 0.05 mg/mL. On the other hand, the initial concentration of AgNP-50 was 5 mg/ml. For 
this, the solution was diluted in MilliQ water (18.2 MΩ.cm at 25°C and TOC < 2 µg C L-1) to 
be used at 0.05 mg/mL. Finally, all the solutions were coated with PVP to ensure their 
stability. Solutions were stored at 4°C away from any light. A part of the nanoparticle 
solutions were filtered to separate the nanoparticles from the liquid carried by ultrafiltration 
(Amicon Ultra-4, 3kDa, Millipore) using 70 mL centricons at 3500xG for 40 min. In this 




5.3.2 Nitrile rubber material 
The elastomer chosen for this study is a material from disposable protective glove. The 
commercial model of the glove is Nitri-Care® 3005PF purchased from Showa (Georgia, 
USA). This model is oil resistant and entirely made of nitrile rubber. In this paper, the 
disposable glove material is identified as NBR. The average thickness of the rubber sample, 
performed in triplicate, is 117 ± 6.5 µm. The measurements were made using a  
micrometer (±0.1 µm). 
 
5.4 Experimental 
5.4.1 Nanoparticle suspension characterization techniques 
A series of experiments were performed to characterize the ENP solutions. Size distributions 
were evaluated using Transmission Electron Microscopy (TEM, JOEL JEM-2100F) and 
Dynamic Light Scattering techniques (DLS, Mobius-Wyatt). An energy-dispersive X-ray 
spectroscope (EDX) coupled to the TEM was retained to confirm the chemical composition 
of the ENP. For DLS and XRD, triplicate measurements were performed for each  
colloidal solution. 
 
5.4.2 Swelling experiment and sorption data 
Experimental evaluation of the swelling was carried out by monitoring the amount of 
absorbed penetrant as a function of time. Mass uptake measurements were performed on 
rectangular specimens cut from the palm section of the glove (10 mm × 60 mm). After 
having been weighed, samples were placed in screw-tight bottles containing about 10 ml of 
the described solutions. At periodic intervals, samples were removed, gently dried with filter 
paper wraps and weighed on a digital balance (± 0.1 mg). The experiments were stopped 
when the samples had attained equilibrium saturation and no further change was recorded 
over an immersion period of two days (Aithal et Aminabhavi, 1990). Three replicates were 
measured for each test in order to obtain statistically valid data. 
 
5.5 Theory 
5.5.1 Diffusion mechanism 
Data obtained from the mass uptake were used to examine more closely the behavior of the 




The experimental results of dynamic mass variation (Mt/M∞) were compared to the pace of 
the empirical equation of the power law given by equation (Stephen et al., 2006): 
 
 ܯ௧ ܯஶ⁄ = ܭ ൉ ݐ௡ (5.1) 
 
ܯ௧ and ܯஶ are defined as the mass uptake at instant t and at the saturation state. Their 
expressions are given by: 
 
ܯ௧ = ݉௧ − ݉଴ 
ܯஶ = ݉ஶ −݉଴ 
 
where ݉௧, ݉଴ and ݉ஶ are the weights of the sample at a given time t, at the initial and 
equilibrium states respectively. 
 
K is a characteristic constant of the elastomeric material. K depends on the structural 
characteristics of the polymer and its interaction with the solvent (Masaro et Zhu, 1999); n 
indicates the nature of the transport mechanism. If n = 0.5, the transport mechanism follows 
the Fickian mode, which occurs when the rate of polymer chain relaxation (Rrelax) is greater 
than the rate of the penetrant diffusion (Rdiff). If n = 1, the transport mechanism is non-
Fickian, it occurs when Rrelax is small compared to Rdiff. In many cases, the transport 
mechanism falls between the two previous configurations (0.5 < n < 1). This occurs when 
penetrant diffusion and polymer relaxation have comparable rates. Then, diffusion shows an 
“anomalous” behavior (Karimi, 2011; Masaro et Zhu, 1999). 
 
This adaptation is applied for short periods at which the mass uptake values do not exceed 
60%. The adjustment data on the nonlinear curve of this relationship was made on MATLAB 
through a regression of the Leveberg-Marquardt algorithm (Kwan Jr, 1998). 
 
5.5.2 Kinetic parameters of mass transport 
5.5.2.1 Diffusion 
In the literature, several methods have been developed to estimate the diffusivity of a liquid 
through a polymeric membrane (Hui et al., 1987; Möller et Gevert, 1994; Turner et Abell, 
1987; Vrtis et Farris, 1996). Most of these methods use Fickian diffusion theory to predict 
the diffusion coefficient of the penetrant. In this study, reduced sorption plots of the swelling 
data show an initial quasi-linear trend. This behavior fits very well with the solutions of 
Fick’s second law of diffusion given by (Crank, 1979; Park et Crank, 1968): 
 





with C being the concentration of the penetrant, x the transport depth of the penetrant into the 
membrane and D the constant value of diffusion considered as independent of the 
concentration. Thus, for the sake of simplicity, diffusion through the membrane is considered 
to be unidirectional and penetration from the edge of the sample was neglected. Initial and 
boundary conditions for a membrane of thickness h are as follows (Balik, 1996b): 
 
݂݋ݎ	ݐ = 0 
݂݋ݎ	ݐ ൒ 0 
0 ൏ ݔ ൏ ℎ 
ݔ = 0, ݔ = ℎ 
ܥ = 0 
ܥ = ܥஶ (5.3) 
 
Under these conditions, the total mass uptake of the penetrant by either of the equations listed 
below is (Balik, 1996a): 
 





















These two equations converge rapidly at short and long time intervals respectively. It is 
worth noting that immersion time is considered to be short if ܯ௧ ܯஶ⁄  is lower than 60%. In 
order to avoid analytical complications, diffusion coefficient can be obtained by considering 
only the first few terms of the equations described above (Karimi, 2011). 
 
For short times (ܯ௧ ܯஶ⁄ ≤ 60%), D is determined as the initial slope of the relation: 
 







For long times (ܯ௧ ܯஶ⁄ ൐ 60%), D is determined as the limiting slope of the relation: 
 




ℎଶ  (5.7) 
 
This diffusion coefficient can be optimized. It should be noted that the swelling of the nitrile 
in aqueous solutions is generally significant (Choi et Ha, 2009). Thus, a correction is made to 
the diffusion coefficient, which takes into account the elongation and volume changes of the 
swelled sample. The new intrinsic diffusion coefficient involves the rate of volume variation 
φ and is given by relation (Brown, Jenkins et Park, 1973; Unnikrishnan et Thomas, 1997): 
 
 ܦഥ = ܦ ߶଻/ଷ⁄  (5.8) 
 
߶ corresponds to sample volume ratio before and after inflation. 
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5.5.2.2 Sorption and permeation 
The ability of the membrane to dissolve the solution in its structure is a characteristic 
parameter of the interaction of the system solution/elastomer. This ability is given as the ratio 
of the mass of the absorbed solvent to that of the initial weight of the specimen and is known 
as the solubility parameter or sorption S. At equilibrium, S is given by (Aminabhavi et 
Khinnavar, 1993; Mathew et al., 1995): 
 
 ܵ = ݉ஶ −݉଴݉଴  (5.9) 
 
The permeability coefficient may therefore be deduced and is given by (George et Thomas, 
2001; Joseph, Mathai et Thomas, 2003): 
 
 ܲ = ܦഥ ∙ ܵ (5.10) 
 
5.5.2.3 Concentration profile 
Penetration of the liquid throughout the rubber sheet is expressed by Fick’s second law of 
diffusion presented in equation (5.2). The diffusion coefficient is assumed to be constant for 
short times. Solving equation (5.11) provides the concentration of the penetrant at a time t 
and a distance (depth) x within the membrane structure, under the same initial and boundary 








(2݊ + 1) exp	(
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where ܥ(ݔ, ݐ) is the concentration of the absorbed solution at fixed time t and distance x from 
the membrane surface. ܥஶ is the solution concentration at equilibrium. D is the approximated 
diffusion coefficient for short times calculated from equation (5.6). 
 
For each nanoparticle solution, the concentration profile is evaluated for MilliQ water, 
nanoparticle solutions and the associated filtrates after a lapse time of 17 hours. Moreover, to 
see the evolution of a given solution’s penetration within a membrane’s structure, the 
concentration profile of MilliQ water will be represented over the membrane thickness for 
five different time lapses. 
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5.6 Results and discussions 
5.6.1 Characterization of ENP solutions 
The characterization techniques performed in this study serve to validate the size of the ENP 
indicated by the manufacturer and control their chemical composition. The images obtained 
by the TEM provide a size distribution of the ENP (Figure 5-1). These analyses were 
conducted for a population of over 100 nanoparticles. For AuNP-5, this distribution is 
centered at 5.02 ± 0.60 nm. For other ENP, their distributions are centered at 47.88 ± 
4.70 nm for AuNP-50 and 50.50 ± 6.50 nm for AgNP-50. These results are amply consistent 
with data provided by the manufacturer. 
 
The hydrodynamic diameter was also assessed by DLS analysis. The results showed an 
average of (9.2 ± 0.2) nm for AuNP-5, (67.2 ± 0.6) nm for AuNP-50 and (63.7 ± 0.6) nm for 
AgNP-50. Figure 5-1 and Figure 5-2 show typical images of each ENP as well as a number 
distribution according to the hydrodynamic diameter of AuNP-5. 
 
TEM is a number-based observation. The technique gives an estimation of the projected area 
diameter of a nanoparticle. On the other hand, DLS is an intensity-based technique. The 
nanoparticles, in the solvated state, undergo thermal motion in the colloidal solution. Their 
size is determined by measuring the random changes in the intensity of a scattered light from 
the suspension. The hydrodynamic size was expected to be slightly larger than the TEM size. 
In fact, it is calculated from the diffusional properties of the nanoparticles in the aqueous 
media and takes into account their interactions with the surrounding molecules. 
 
   
Figure 5-1. TEM images of (a) AuNP-5, (b) AuNP-50 and (c) AgNP-50 
 
(a) (b) (c) 
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Figure 5-2. Number distribution according to the hydrodynamic diameter of 
AuNP-5, AuNP-50 and AgNP-50 
 
5.6.2 Effect of ENP on the sorption of colloidal solutions 
Contact between a sample of nitrile membrane and these solutions causes the material to 
swell, under the effect of solubility. The presence of nanoparticles in the solution may have 
an effect on the swelling of the material, and subsequently on the kinetics of penetration of 
the suspension through the structure. To determine this effect, the suspensions underwent an 
ultrafiltration technique to separate the ENP from the carrier liquid. Then mass uptake 
measurements were performed in compliance with the previously used protocol. 
 
5.6.2.1 Sorption experiment 
First, data on the relative mass gain of the sample were plotted as a function of time: 
(݉௧ −݉଴) ݉଴⁄ = ݂(ݐ). Figure 5-3 shows the curves obtained with the NBR in contact with 
MilliQ water as well as the three ENP. 
 
The curves indicate a similar behavior for the three ENP solutions within the range of 
experimental error. The average standard deviation of these measurements is less than 2.5%. 
A gradual increase in weight gain is observed and it reaches a plateau at 50% for the ENP 
solutions at an immersion time of around 125 hours. This plateau highlights the attainment of 
maximum swelling. The mass gain at equilibrium was slightly lower with the liquid  
carrier (around 45%). 
 
The data obtained with the AgNP-50 solution and the corresponding filtrate is displayed in 























significant difference appears when reaching the plateau. The equilibrium is reached at (51.5 
± 2.2) % for the AgNP-50 solution and at (43.5 ± 2.4) % for its filtrate. The same behavior is 
noticed with the AuNP-50 solution and its filtrate; (51.25 ± 2.1) % and (44.65 ± 1.9) %, 
respectively. However, there is no remarkable difference between the AuNP-5 solution and 
its filtered solution. 
 
 
Figure 5-3. Mass uptake ratio of NBR in MilliQ water, AuNP-5, 
AuNP-50 and AgNP-50 as a function of time 
 
 
Figure 5-4. Mass uptake ratio of NBR in AgNP-50 and AgNP-50/f 































To provide a closer look at the kinetics of penetration of the different solutions through the 
NBR, the swelling data were shown schematically by reduced sorption curves representing 
mass uptake as a function of the root of the normalized time: 
ܯ௧ ܯஶ⁄ = ݂(ݐଵ/ଶ ℎ⁄ ). 
Figure 5-5 shows the described curves for MilliQ water, AuNP-50 solution and the 
associated filtrate in contact with NBR. 
 
The resulting curves exhibit the same characteristic swelling gait of an elastomer material. 
Their behavior shows linearity up to around 65% of equilibrium. They are then concave 
towards the x-axis and gradually approaching the sorption equilibrium values. This final state 
is defined by a plateau that corresponds to the saturation of the material (Kwan Jr, 1998). 
 
 
Figure 5-5. Fractional length change of NBR for MilliQ water, AuNP-
50 and AuNP-50/f as a function of normalized time 
 
5.6.2.2 Diffusion mechanism 
In order to determine the influence of the presence of ENP on the transport mechanism of the 
colloidal solutions, equation (5.1) was applied to the mass uptake data in short terms 
(ܯ௧ ܯஶ⁄ ≤ 60%). The following figure is an example of non-linear regression obtained with 
MATLAB and was applied to the sorption data from the filtrate of AuNP-50 (Figure 5-6). A 
















Figure 5-6. Nonlinear curve fit of the power law equation to 
experimental data sorption of AuNP-50/f 
 
Figure 5-7 and Figure 5-8 compare the index n and the parameter K of all the solutions. As 
with MilliQ water and except for AuNP-5/f, the filtrates of ENP solutions have almost 
similar values of n which are around 0.55, a value representative of Fickian diffusion. This is 
due to the fact that elastomeric materials have a low glass transition temperature when 
compared to the ambient temperature during experiments. Thus, the macromolecular chains 
are highly mobile and their relaxation exceeds the mobility rate of the penetrating substance 
(Grinsted, Clark et Koenig, 1992; Masaro et Zhu, 1999). The notable differences between 
AuNP-5/f and AuNP-50/f results also indicate that regardless of the type and the size of the 
nanoparticles, additives of different formulations can be present in the colloidal suspensions 
for stability purposes. 
 
It should also be noted that for all colloidal solutions, the presence of the ENP lowers the 
index n. Its value for the three colloids is round 0.4. Although below 0.5, this mechanism is 
still classified as Fickian, it is generally termed as a "sub-Fickian" behavior (Ganji, 
Vasheghani-Farahani et Vasheghani-Farahani, 2010; Gierszewska-Drużyńska et Ostrowska-
Czubenko, 2012; Wang, Wu et Lin, 2008). This situation is encountered when the transport 
rate of the penetrant is lower than the relaxation rate of the chains (Gierszewska-Drużyńska 
et Ostrowska-Czubenko, 2012). The decrease of Rdiff can be caused by the obstruction effect 
formed by the presence of the ENP. The studies of Thomas and those of Crank showed that if 
particles of larger sizes are compatible in form with the polymeric matrix structure, these 
particles occupy the free space between the chains and may decrease the mobility rate of the 
penetrant liquid (George et Thomas, 2001; Park et Crank, 1968). 
 
Figure 5-8 shows that the K factors of AuNP-5 and AuNP-50 filtrates have almost tripled 
compared to MilliQ water. For AgNP-50/f, this value is more than four times that of the 
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liquid carrier. This increase demonstrates a strong interaction between the filtrates and the 
membrane material. K values for all the ENP solutions are more than twice the value of the 
factor associated with MilliQ water. It should be noted that following the ultracentrifugation 
process, residues of PVP not attached to the ENP remain present in the filtrate. Thus, the 
presence of PVP in the solutions of this study increases in the following order: MilliQ water 
< filtrate < colloidal solution. PVP is a polymer known for its high polarity (Baeg et al., 
2008; Haaf, Sanner et Straub, 1985). The trend observed in Figure 5-8 may be due to the 
interaction of the PVP with the acrylonitrile compound that constitutes the nitrile membrane 
structure and which is also highly polar (Haseeb et al., 2011). 
 
 
Figure 5-7. Diffusion mechanism index n of MilliQ water, ENP solutions 






















Figure 5-8. K index (g•g-1• min-n) of MilliQ water, ENP solutions and 
filtrates through the NBR 
 
5.6.2.3 Kinetic parameters 
Diffusion coefficients: 
 
The Fickian nature of the process by which the liquid solutions are transported through the 
nitrile structures enables a good approximation of their diffusion coefficients using Fick's 
second law. Figure 5-9 presents the results of the diffusion coefficients calculated with 
equation (5.6) at short periods of time (ܯ௧ ܯஶ⁄ ≤ 60%). 
 
The diffusion coefficients of MilliQ water and AuNP-5 solution are similar and 
approximately (1.0 ± 0.08) × 10-10 cm2.s-1. However, ENP solutions of 50 nm nanoparticles 
have slightly higher diffusion coefficients ranging from (1.21 ± 0.11) × 10-10 cm2.s-1 for 
AuNP-50 to (1.46 ± 0.11) × 10-10 cm2.s-1 for AgNP-50. The nature of the ENP seems to have 
an effect on the diffusivity of these solutions. This aspect can be explained by the fact that 
silver nanoparticles are ionic. The charged particles are capable of reacting with the highly 
polar acrylonitrile phase of the nitrile network (Baker, 2000). Since no substantial difference 
was noticed between diffusion coefficients of MilliQ water and the three colloidal solutions, 
an effect of the ENP on diffusivity can only be seen through the filtrates. Figure 5-9 shows 
that for all ENP suspensions, the diffusion coefficient of the corresponding filtered solution is 
significantly higher. These values are in the range of (1.4 ± 0.12) × 10-10 cm2.s-1 for the 
AuNP-5/f, (2.4 ± 0.26) × 10-10 cm2.s-1 for the AuNP-50/f and (2.1 ± 0.2) × 10-10 cm2.s-1 for 
AgNP-50/f. These results reinforce the hypothesis of a barrier formed by the ENP facing 
liquid penetration. In addition, the filtered solutions of the gold ENP suspensions have 
different diffusion coefficients. This difference is probably due to different chemical 























Figure 5-9. Short time diffusion coefficients of MilliQ water, ENP solutions 
and filtrates in NBR 
 
Sorption and permeation coefficients: 
 
The permeability of the studied solutions through the membrane structure depends both on 
their diffusivity and their solubility (sorption). The values of sorption rate and permeation 
coefficient were evaluated by equations (5.9) and (5.10) and are represented by the 
histograms of Figure 5-10 and Figure 5-11 respectively. 
 
The results in Figure 5-10 show that MilliQ water has a sorption rate of (46.7 ± 3.2) %. All 
ENP solutions have somewhat higher rates ranging from (54.7 ± 5.5) % for AuNP-5 down to 
(51.5±4.1) % for AgNP-50. The slight difference noticed between the ENP solutions is due 
to the fact that the sorption rate is inversely proportional to the particle size in the penetrant 
(Joseph, Mathai et Thomas, 2003). The ENP and additives present in the colloids makes it 
more difficult to accommodate the penetrant into the polymer matrix. 
 
The permeation results show the same trends as the diffusion coefficients (Figure 5-11). The 
liquid carrier shows a slightly lower permeation rate due to its relatively low solubility. ENP 
solutions have permeation coefficients that are close to one another and are slightly higher 
for the nanoparticles of 50 nm. Permeation rates for filtrates are much greater than that of the 
associated ENP solutions. This discrepancy may be due to the absence of ENP, which hinder 
the passage of the penetrant. The differences were also noted between the filtered solutions 
themselves. These variations are likely caused by the variation of the chemical composition 









Figure 5-10. Sorption parameter S of MilliQ water, ENP solutions and 
filtrates in the NBR 
 
 
Figure 5-11. Permeation coefficient P of MilliQ water, ENP solutions and 




Concentration ratios C(t,x)/C∞ of MilliQ water in the NBR structure were calculated using 
equation (5.12). These profiles are represented in Figure 5-12 for five different time lapses 
until sorption equilibrium. The curves show that during the immersion of the NBR sample, 



















hours of immersion. The concentration of water in the matrix increases to attain a maximum, 
starting at 134 hours. In this state of equilibrium and in every point in the structure of the 
sample, the concentration of the penetrant is equal to its initial concentration on the interface. 
 
In order to visualize the previously discussed results regarding the effect of the nanoparticles 
on the penetration of the carrier solution in the membrane structure, the concentration 
profiles of MilliQ water, AuNP-50 and its filtrate were represented in Figure 5-13. 
Concentrations of MilliQ water as well as the nanoparticle solution exhibit the same profile 
and are almost equal in the membrane structure. About 25% of the initial concentration of 
these two solutions is noticed in the center of the membrane structure at 17 hours of 
immersion. However, at the same time of immersion, the concentration ratio of the filtrate at 
the center of the membrane is around 55%. Therefore, the amount of the penetrant solution 
doubles in the core of the structure when nanoparticles are absent. This representation 
highlights again the obstruction effect caused by the presence of the nanoparticles  
in the solution. 
 
 
Figure 5-12. Concentration profile of MilliQ water in NBR 




Figure 5-13. Concentration profile of MilliQ water, AuNP-50 and 
the associated filtrate in NBR structure 
after 17 hours of immersion 
 
5.7 Conclusions 
Although simple, the gravimetric method is an effective technique to study the penetration 
kinetics of liquid solutions through polymeric membrane structures. This paper presents an 
analysis of the effect of the presence of nanoparticles on the transport process of colloidal 
solutions through nitrile films. First, mass uptake data were used to assess the diffusion 
mechanism of two gold and one silver nanoparticle solutions through the matrix of the 
material. This mechanism was also evaluated for the associated filtrates as well as for MilliQ 
water. Values of the mechanism index are found to be representative of Fickian diffusion. By 
comparing the results of the ENP solutions and the associated filtrates, the presence of the 
nanoparticles in the solutions seems to lower the index n. This situation indicates that the 
transport rate of the penetrant is decreased in comparison to the relaxation rate of the chains. 
Hence, the nanoparticles tend to produce a barrier effect to the penetration of the carrier 
solution. It is also worth noting that the difference noticed in the filtrate’s indexes 
demonstrates that regardless of the type and the size of the nanoparticles, additives of 
different formulations can be present in the colloidal suspensions. Second, sorption data were 
used to evaluate diffusion, solubility and permeability coefficients of the solutions through 
the membrane. It was noticed that the diffusion coefficient of the filtered solution is 
significantly higher when compared to the ENP solutions. This result underscores once again 
the barrier effect that the ENP form in the face of liquid penetration. Furthermore, the size of 
the nanoparticles in the solution seems to have a slight effect on the kinetics of penetration. 
The difference between the filtrated solution coefficients affirms the different chemical 
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compositions of the liquid carriers (additives such as stabilizers). Finally, the profiles of 
liquid concentration were calculated by the analytical solution of Fick's equation. Results 
show that in the center of the membrane and at the same immersion time, the amount of the 
penetrant solution more than doubles when nanoparticles are absent. In conclusion, kinetic 
parameters of ENP solution permeation through nitrile films highlighted an obstruction effect 
caused by the presence of the nanoparticles in the liquid. Upcoming studies will follow the 
penetration of these nanoparticles in the matrix of the material and evaluate the kinetics of 
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